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ABSTRACT 






Rates of oxidation of three heater alloys of nominal composition 80% nickel-20% 
chromium were studied over the temperature range of 500° to 950°C and at a pressure 
of 7.6 em of Hg of oxygen, using the vacuum microbalance method. Temper color films 





were obtained for all oxidations below 850°C, while gray or gray-green films were ob- 





tained at temperatures of 850°C and higher. No evidence was found for sealing or crack 





ing of the oxide from the alloys on cooling at temperatures of oxidation up to 950°C. 





The parabolic rate law was applied to the data. Reasonable agreement was found for 





temperatures above 650°C, while below this temperature the parabolic rate law con 





stant varied with time. This time variation was explained in terms of composition 





changes in the oxide and growth of the oxide crystallite size. 





The classical theory of diffusion was used to interpret effect of temperature on rate of 






oxidation, and heats, entropies, and free energies of activation for the over-all reaction 
were evaluated from the data. 

Heats of activation varied from 38,150 cal/mole for alloy 12046 to 51,400 cal/mole for 
alloy 13246, while the entropies of activation varied from —15.8 entropy units (eu) for 
alloy 12046 to —3.5 eu for alloy 13246. On an absolute basis, alloy 12246 had the slowest 


a4 pate “5 cl ; 


rate of attack with oxygen under the given conditions. This was not in agreement with 
the results of A.S.T.M. life tests. 
When compared to other metals, chromium reacted 4.1 times and nickel 12.6 times as 


fast with oxygen as alloy 13246. 


Calculations were made on the entropy of vacancy formation assuming that the reac 


.* 
— - 


tion follows. a mechanism of positive ion diffusion through vacancies created by the 
solution of oxygen at the oxide-gas interface. This gives an entropy term of —7.5 eu 


=a 


which partially accounts for the negative entropy of activation observed. Agreement of 
the theoretical rate of reactions with experiment was within a factor of 10 for all of the 
alloys. This difference is discussed briefly. 


INTRODUCTION series of alloys there appeared no direct correlation 
The high resistance to oxidation of the 80% between performance in cyclic oxidation tests and 
nickel-20% chromium series of heater alloys is well composition and crystal structure of the oxide film. 
known. One of the interesting developments in this It is the purpose of this paper to study the rate of 
series of alloys over the past 30 years has been the oxidation of three alloys of the 80% nickel-20% 
improvement in performance in cyclic oxidation chromium composition as a function of time and 
tests. This is a result of changing the manganese and temperature and to relate the data to the parabolic 
silicon contents as well as a result of addition of rate law and the classical theory of diffusion. 


small quantities of zirconium, calcium, aluminum, 
cerlum, ete., to the alloy. In spite of the great Literature 
te ‘} hicy i $ ‘eC { » { ‘el ‘1e ific ‘X- a" ° 
‘ unica reste coat. re ud ~ ate scientific ex No published work has been reported on the rate 
Janations have been put forward. , : ; . Soy ‘ ; ; 
) : 3 12 3)f of oxidation of the 80% nickel-20% chromium 
a recent series of papers (1, 2, 3) trom these : ; be ee ‘ : ‘ 
le} P ‘ alloys. Scheil and Kiwit (4) studied the oxidation 
laboratories, a systematic study was made of the ; 2 eon? ; me 
<i eee init of a series of iron-nickel-chromium alloys. They find 
crystal structures of oxide films using X-ray and . ‘ 
lac 7 :; . > abs the best alloys were characterized by presence of a 
electron diffraction methods on eight alloys of this pes 
; 7 scale of CroO; alone, while poorer alloys gave scales 
nominal composition. It was shown that crystal , sod | ; vs - 
} P : : . = ‘nharacterizec xy the presence of oxides oF iron. 
structures of oxide films were a function of time cnaracterts y : alee acai 
a) . : . 7. stm: a) iected a series of SO% nickel-20 ‘ 
and temperature of oxidation and the composition Lustman (2) subjected a — 7m 
of alloy, if manganese was present. For this chromium alloys to cyclic as well as constant 
temperature oxidation tests at 1175°C. Continuous 
iuseript received April 6, 1953. This paper was pre 
- r delivery before the Wrightsville Beach Meeting, ae z fig ii 
, ra s er 13 to 16, 1953. rates, while A.S.T.M. life tests showed a sixfold 


oxidation tests showed little difference in oxidation 
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variation. Cyclic oxidation tests showed a fair 
correlation with A.S.T.M. useful life tests. 

The A.S.T.M. useful life test (5) is a cyclic test 
conducted on wire specimens in air atmosphere at 
1175°C. Useful life is defined as the time required 
for a 10% change in the electrical resistance of the 
wire. 

The effect of minor constituents on lifetime tests 
has been described by Hessenbruch (6). The effect of 
small quantities of magnesium, calcium, zirconium, 
cerium, thorium, of the order of 0.1% or less, was 
to greatly improve the performance. 

In a recent work, Buckle, Jacquet, and Poulignier 
(7) applied metallographic and oxidation studies to 
the determination of service temperatures of 80 
nickel-20 chromium alloy turbine blades. Details 
of this study are not available to date. 


Thermodynamic Predictions 


Gulbransen and McMillan (3) considered in detail 
the thermodynamic equilibria of several surface 
reactions occurring on nickel-chromium alloys. Six 
types of reactions were shown to occur. These were: 
(a) direct oxidation of the several metal com- 
ponents, (b) solid phase reactions of one oxide with 
another metal, (c) formation of spinels with either 
Cr.O; or Fe.O;, (d) formation of silicates between 
the oxides and SiOz, (e) reaction of carbon from the 
metal with the surface oxide to form CO and reduced 
metal and, (f) vaporization of the metals. 

Calculations showed that all oxides of the major 
and minor components of the alloy were stable to 
direct decomposition up to 1200°C, except in neutral 
or reducing atmospheres. Solid phase reactions of 
NiO with Cr, Si, Mn, and Ca were possible at all 
temperatures. Spinels could form between NiO, 
MnO, FeO and Cr.O; and FeO; but not with 
CaO and SiO:. Reaction of carbon in the alloy with 
NiO was feasible at temperatures above 975°C. 
Formation of silicates was possible, while vaporiza- 
tion became important only at the higher tempera- 
tures under vacuum or inert and reducing atmos- 
pheres. 

Gulbransen and McMillan (3) also considered the 
effect of minor components on composition and 
physical properties of the oxide and oxide-alloy 
interface. 


EXPERIMENTAL 
Method 


A vacuum microbalance was used for all rat. 
measurements. Its construction and use have heey 
described (8, 9). The 0.0127-cm thick specimer 
have surface areas of 14 cm’ and weigh (0.684) 
gram. Sensitivity of the balance was 1 divisioy 
(0.001 cm) per microgram and the weight chang 
was estimated to 14 of a division (0.25 x i" 
gram). 

Auxiliary apparatus containing the balance an 
specimen was evacuated to 10° ° mm of Hg or bette; 
A quartz or mullite furnace tube (10) was used ty 
contain the specimen and was sealed directly to the 
Pyrex glass apparatus. 

Other auxiliary apparatus was used for the 
preparation of pure hydrogen and oxygen (§ 
Weight change during reaction was followed by 
observing a pointer on the balance beam by means 
of a micrometer microscope. Readings of the balance 
were taken in vacuo before reaction at the tempera- 
ture, during the reaction in oxygen, and after the 
reaction in vacuo. 


Samples 


Specimens used in this study were specially 
prepared, analyzed chemically and_ spectrograph- 
ically, the useful life tested, and were made available 
to us by the Driver Harris Company. The three 
alloys represent a 30-year improvement in the 
technology of heater alloy preparation. Alloy 12046 
represents a modern high life heater alloy. Table | 
shows analyses of samples together with A.S.T.M 
life tests. 

Specimens were given the following surface 
preparation. Portions of the strip were abraded 
starting with number 1 grit paper and finishing 
through 4/0 paper. The last stage was carried out 
under purified kerosene to avoid oxidation. After 
abrading, samples were cleaned with soap and 
water, distilled water, petroleum ether, absolute 
alcohol, and stored in a dessicator. 

A number of specimens were given an additiona! 
treatment by heating in hydrogen at 900°C fo! 
one-half hour before reacting with oxygen. 


TABLE I. Composition and life tests, nickel-chromium alloys 
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| Composition % Useful Test 
Alloy ~ life temp 
|} c | mm | | ce | Mi | Fe | zw | G Mg Al | «@) 
% 
12046 New Ni-Cr Alloy V. 0.08 | 0.01 | 1.39 | 19.91 | Bal. | 0.34 | 0.10 | 0.024 0.07 157 175 
12246 Old Ni-Cr Alloy V .| 0.08 | 0.01 | 0.30 | 19.98 | Bal. 0.32 | 0.05 | 0.029 0.08 S86 175 
13246 Old Ni-Cr Alloy V 0.12 | 1.70 0.30 19.98 Bal. | 0.20 0.006 25 175 
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Fic. 1. Effect of temperature oxidation of 12046 Ni-Cr 
\. 7.6 em of Hg of O2 abraded through 4/0. 


RESULTS 

The reaction with oxygen was studied as a function 
of time and temperature and results are shown in 
Fig. | to 3. An oxygen pressure of 7.6 cm of Hg was 
ysed for all experiments. The weight change was 
plotted in ug ‘em’. The thickness of the resulting 
oxide in Angstroms was calculated from the crystal 
structure or density assuming a surface roughness 


fratio of unity. For Cr.O; the relation was 1 yg/em* 


equals 61 A. However, other oxides observed in the 
flm would have different thickness values per 
microgram of oxygen reacted. For purposes of 
convenience the value for CreO; was used in this 
paper. 


Time and Temperature 


Fig. | to 3 show effect of time and temperature 
the rate of oxidation for the three alloys over 
the temperature range of 500° to 900°C. Most of 
the experiments were run for a total of six hours. 
Thirty-hour experiments were made at the lower 
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Fig. 2. Effect of temperature oxidation of 12246 Ni-Cr 


alloy, 7.6 em of Hg of O. abraded through 4/0. 
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Fic. 3. Effeet of temperature oxidation of 13246 Ni-Cr 
alloy, 7.6 em of Hg of O» abraded through 4/0. 


temperatures to test the variation of the parabolic 
rate law constant with time. 

For all of the curves a rapid pickup of oxygen 
occurs in the first few minutes with the rate de- 
creasing as the film thickens. Similar curves were 
found for other metals (11, 12). 

Table II shows oxide film thickness vs. oxide 


TABLE II. Oxide film thickness vs. oxide color 


7.6 em of Hg of O., 6 hr of reaction except where noted 


Alloy 12046 


Alloy 12246 Alloy 13246 


Thickness Thickness Thickness 
Color Color Color 
ug/cm* A(p 1 pwe/cm? Alp = 1) pe/cm? A(p = 1 
150) 2.48 152 Lt. straw 
500 6.2" 378 Pink 5.9° 360 Pink 1.56° 278 Pink 
DH) 5.13 312 Straw 5.45 332 Pink 6.509 396 Dk. blue 
600 11.5 701 Blue 8.86 540 Dark blue 8.01 490 Dk. blue 
65 9.73 594 Blue 10.3 629 Blue 12.69 774 Lt. blue 
70 12.9 786 Lt. blue 
7 20.6 1260 Straw 15.5 945 Straw-green 19.7 1200 Straw 
S 22.6 1380 Straw-pink 31.2 1905 Green 
S 50.4 3080 Gray 32.6 1990 Gray-green 58.1 3550 Gray 
wt 55.5 3380 Gray 50.4? 3065 Gray 92.1 5610 Gray 
Lt ht. 
A est. 
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Fig. 4. Oxidation of 12246 Ni-Cr alloy, 500°C, 7.6 em of 
Hg of O». Parabolic plot: 1-2 hr K = 3.75 & 10-'*; 3-6 hr 
K = 2.27 10-**. 
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T ME MIN) 
Fic. 5. Oxidation of 12246 Ni-Cr alloy, 850°C, 7.6 em of 
Hg of O.. Parabolie plot: 1-2 hr A = 4.055 K 10°"; 3-6 
hr A = 3.14 XK 10°". 


color for the three alloys as a function of tempera- 
ture. Two series of temper colors were observed 
on the alloys. For alloy 12046, the first straw color 
was found at a thickness of 152 A. This color ap- 
peared to be present also at a thickness of 312 A. A 
second straw color was noted at 1260 A. Above 
2000 A, all of the oxides were gray or green-gray. 
All of the oxides formed in this study were stable 
to cracking on cooling the alloy to room tempera- 
ture. It should be noted that the temper colors 
produced were not only a function of the tempera- 
ture but also of the time of oxidation and the 
composition of the alloy. 

A comparison at 900°C of the total extent of 
oxidation showed alloy 12246 as the most resistant 
to oxidation. However, the differences between the 
rates of reaction of the three alloys were not large. 


Parabolic Rate Law 


Although many empirical rate laws have been 
suggested to explain the effect of time on the rate 
of oxidation, the parabolic rate law (13, 14) has 
been the most successful since its derivation was 
based on principles of formation and diffusion of ions 
in the oxide (14). The equation states W* = Kit + C. 
Here W is the weight gain, ¢ is the time, and K and 
C are constants. 

It was not expected that this rate law should hold 
for the initial part of the reaction or where the 
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Fig. 6. Oxidation of 12046 Ni-Cr alloy, 500°C, 7.6 ey 


Hg of O» abraded through 4/0. 


composition of the oxide film was changing 
preciably. 

To test the agreement of the experiments with ;} 
parabolic rate law, plots were made of the squay 
of the weight gain vs. time. Fig. 4 and 5 show ty 
such plots for alloy 12246 at 500° and 85% 
respectively. It was noted that the slope of |) 
plot decreases rapidly with time for the first | 
hours of reaction at 500°C and that there was , 
smaller change at 850°C. Decrease in value of tly 
parabolic rate law constant K with time is illustrate) 
in the captions on the figures for the 1-2 hr and 34 
hr time periods. Larger changes in the value of k 
were noted if the initial slope at time zero wa 
compared to the 24-30 hr value. 

Fig. 6 shows a parabolic rate law plot for 1! 
oxidation of alloy 12046 at 500°C for 30 hr. Fu 
this experiment the parabolic rate law constant k 
(slope of plot) was essentially constant betwee: 
hr and 22 hr of reaction. The value of K then i: 
creased and levelled off to zero value. In sever 
experiments on other alloys, a weight loss after 2s 
hr of reaction was actually observed. This type | 
behavior is similar to the first stage of a stepwis 
oxidation process observed by Caplan and Cohe 
(15) in a study of the oxidation of iron-chromium 
alloys. 

Levelling off of the rate of reaction shown | 
Fig. 6 could be explained by a change in the com 
position of the oxide film. Gulbransen and MeMilla: 
(3) noted from electron diffraction studies that 10 
was the oxide formed after a two-hour oxidatio! 
while CreO; was found after a thirty-hour oxidatio! 

The strong dependence of the parabolic rate |s 
constant K on the time of oxidation, as shown 
Fig. 4 and 6, was probably due to two factors: (a 
process of composition change, and (b) a growth | 
the crystallite size of oxide particles. This latte! 
effect has been discussed in detail in another work 
(16). In brief, the argument was that diffusio! 
occurred for an oxide film of small crystallites « 


the grain boundaries, while for larger erystallite 


this grain boundary area was small and diffusio! 
occurred throughout the crystal lattice. 

The parabolic rate law could be fitted appro. 
mately to the data above a temperature of \90' 
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vhile |clow this temperature it was not possible 
to mM a reasonable fit for reasons previously 
noted 


Temperature Dependence 


In earlier papers the authors have used the 
transition rate law theory (17) and the classical 
expression for the diffusion coefficient as expressed 
by Zener (18) to interpret the parabolic rate law 
19). In the latter treatment the parabolic rate law 
constant was given by the expression 


as° SH 
K=2y»v ate ais ' as*) /R 3/3 ane) Jer 


2) 


AS 
Here 9/3 and 8/3 


. . : * + 
formation of the vacancies, while AS” and AH” are 


are the entropy and heat of 


the entropy and heat of activation of diffusion, a 
is the interatomic distance between diffusion sites, 
y is the frequency of vibration along the direction 
across the saddle configuration, R is the gas con- 
stant, 7 is the temperature, and y a coefficient 
determined by the geometry of the atomic jumps. 
K has the units of em’ see 

To evaluate »v and y it was necessary to assume a 
particular oxide and a mechanism for diffusion. 
\ccording to the recent work of Gulbransen and 
MeMillan (3), CreO; was the predominant oxide 
on alloys 12046 and 12246 while MnO-Cr.O; was 
found on alloy 13246. Since the parabolic rate law 
holds only above 650°C, the appearance of NiO 
at lower temperatures was not of concern. 

Before assuming a mechanism of diffusion, con- 
sider the details of the Cr.O, structure. CreOQ,; has 
the rhombohedral structure (20) with a = 5.38 A 
and @ 54.83. The oxygens are in approximately 
close-packed hexagonal array with Cr ions occupying 
two-thirds of available octahedral holes, i.e., sand- 
wiched between planes of oxygens. The octahedral 
holes are situated in chains running vertically 
through the structure along [111], and along each 
chain is a suecession Cr, Cr, hole, Cr, Cr, hole. In 
the horizontal metal atom planes, i.e., odd numbered 
4) planes 1, 3, 5, ete., the metal atoms are 
slightly above or below the plane and the empty 
holes lie in these planes. Therefore, filled and 
unfilled holes form puckered sheets. 

Each Cr has in its own puckered horizontal plane 
3 Cr neighbors at 2.921 A and 3 unfilled holes at 
“8/6 A. Each Cr has either above or below it 1 Cr 
neighbor at 2.871 A and either below or above it 1 
unfilled hole at 1.982 A. The easiest movement for 


a Cr is to the empty hole either above it or below it 
at ¢ 1.982 A. Movement horizontally to the 
three holes at 2.876 A is more difficult because of 
the increased distance and because two barriers of 
OX) 


triangles must be penetrated, while the 





vertical movement requires only the penetration 
of one set of oxygen triangles. 

This structure makes it difficult to evaluate 
precisely the geometry of atomic movements during 
oxidation as well as the distance moved per jump. 
In the evaluation of v and y it was assumed that 
the v’s are equal for the various possible atomic 
jumps, that the distance between Cr atoms is equal, 
and that a random distribution of Cr atoms occurs 
in the structure. On this basis the average value for 
vy was calculated to be 14. 

The value of a was taken as 2.9 A. This could be 
high if diffusion occurs largely at the short spacing 
between the Cr atoms and the unoccupied position 
adjacent to it in the C direction. 

The value of v was calculated from the character- 
istic Debye temperature, 9, = hypn/k (19). vm 
is the maximum allowed frequency, fh is Planck’s 
constant, and k is Boltzmann’s constant. @p for 
Cr.O; was 362. To estimate the frequency vc, along 
the path of the reaction, two fundamental relation- 
ships were used: 


l f 

y=- (T) 
2r m 

Vnax = V vor Vo ( I] ) 


The first equation relates the frequency, the 
force constant f, and the mass of the atom, while 
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Kia. 7. Oxidation of 12046 Ni-Cr alloy, log plot K vs. 
1/7 X 10°. O = 1-2hr; 0 = 3-6hr; A = 24-30 hr: e = H. 
pretreated 30 min, 900°C, 1-2 hr; AH* = 38,150 cal/mole. 
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Fic. 8. Oxidation of 12246 Ni-Cr alloy, log plot A vs 
1/T X 10.0 = 1-2hr;0 = 3-6hr; @ = H: pretreated 30 
min, 900°C, 1-2 hr; AH* = 44,400 cal/mole. 


the second equation relates the maximum value of 
vy to the maximum values of »v for the atoms. », was 
calculated to be 5.66 & 10”. 

Fig. 7 to 9 show plots of the logarithm of K vs. 
1/T for the three alloys while Tables III to V show 
part of the experimental data on which the plots 
were made. Since the rate constants change with 
time, these constants were calculated and tabulated 
for the time periods of 1-2 hr, 3-6 hr, and at lower 
temperatures for 24-30 hr. Above 650°C the data 
ean be fitted by a straight line; below this tempera- 
ture the time variation of AK makes it impossible 
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TABLE IV. Parabolic rate law 
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TABLE IIL. Parabolic rate law constants, entropies, heats, and free energies of activation for oxidation of 12046 Ni-Cr ¢ 


K (ave 
(g/cm?)? 


650 2.78 1.85 xX 10°'5 2.315 XK 10°'% li 38150 — 14500 265 
750 1.832 X 10°" 1.092 K 10°" 1.462 X 10-4 16.2 38150 16600 D475 
850 1.082 K 10°" 8.15 x< 10-" 9.485 XK 10°" 15.8 38150 17750 LL, 
875 ? x 1.805 K 10°" 15.1 d 
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Fig. 9. Oxidation of 13246 Ni-Cr alloy, log plot k 
1/T X 10°. O 12 hr; 0 3-6 hr; @ H» pretreat: 
min, 900°C, 1-2 hr; AH* = 51,400 cal/mole. 
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to determine the slope. It may be noted that | 
values of K determined in the range of 24-30 
approach values given by the extrapolation of ¢} 





straight line relationship. The deviation of du 
below 650°C from the parabolic rate law has be 
discussed in a previous section. 

Table VI shows a summary of the experimen 
heats, entropies, and free energies of activation 
the three alloys. In addition, the calculated value! 
entropy of activation of diffusion was tabulat 
the next section. Using fn 


This is discussed in 


energy of activation as a basis for comparison 


















ASs* 
cal/mole/°C 


AH* 


cal/mole 


Tas* 


Sec cal/mole cai m 









SR Me YR" 











Ni-Cr a 


2246 











AS* 
cal/mole/°C 


SH* 
cal/mole 


~TAS* d 
cal/mole cal 










750 7.5 x 10°! 190 x 10°'5 6.2 x lo -11.7 44400 — 11980 56380 
SOO 2.5 X 10" 1.573 XK 10°" 1.913 xX 10°" —11.5 $4400 - 12300 56700 
850 +.055 X 10°" 3.14 X 10-4 3.598 X 10°" —12.1 44400 — 13600 5S000 d 
900 1.259 < 10°" 9.4) XxX 10°" 1.104 kK 10°" —11.6 $4400 — 13600 S000 ’ 
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ABLI Parabolic rate law constants, entropies, heats, and free energies of activation for the oxidation of 13246 Ni-Cr alloy 
K (1-2 hr) K (3-6 hr) K (avg as* aH" ~Tas* AF* 
i . (g/cm?)?/sec (g/cm?)?/sec (g/cm?)?/sec cal/mole/°C cal/mole cal/mole cal/mole 
4.0 x 1's 2.78 xX 10°'5 3.39 X& 10°'5 —3.5 51400 — 3400 54800 
9.16 xX 107-15 8.8 x 10°'§ 8.98 x 10°15 —4.26 51400 — 4360 55760 
{) 3.52 X 10°" 3.025 K 10°" 3.273 X 10°" -4.04 51400 — 4340 55740 
SA) 1.185 < 10°" 1.332 &K 10°%3 1.259 < 10°" —3.46 51400 — 3900 55300 
S50 16 <x Loa x we 150 X 10°74 2.92 51400 — 3280 54680 
R75 1.805 K 10° 2.23 X lo 2.043 XK 1073 -3.37 51400 — 3860 55260 
875 2.22 X 10° 2.38 X 10°" 2.30 X 10° —3.14 51400 — 3600 55000 
O00) 2.565 X 1073 2.92 X 10°" 2.743 X 107'3 —3.80 51400 — 4460 55860 
OOO $3.40 X 10% 3.6 x 10°" 3.65 xX 107% -3.22 51400 — 3780 55180 


ABLE VI. Comparison of the parabolic rate law constants 


heals, entropies, and free energies of activation at 
850°C 
12046 12246 13246 

cm?/sec 3.525 X 10°" 1.339 < 10°") 4.67 x 10°" 
{*cal/mole | 38150 $4400 51400 
** cal/mole 
deg 15.8 —12.1 3.46 
*cal/mole | 55900 58000 55300 
* cal/mole 
deg 8.4 1.7 +3.9 


loys, it is seen that alloy 12246 shows a lower rate 
reaction than the other alloys. Alloys 12046 and 


B246 were approximately equal in their over-all 


formance although entropies and heats of 
‘tivation differ appreciably. 
Table VII shows a comparison of the heats, 


jtropies, and free energies of activation for chro- 
ium, nickel, and alloy 13246. Chromium reacts 4.1 
nes and nickel 12.6 times as fast as alloy 13246. 


Effect of Hydrogen Pretreatment 


A number of the specimens were heated to 900°C 
id given a pretreatment in 2.4 em of purified 
‘drogen for 30 min before reacting with oxygen at 
6 em of Hg of O, at the given temperatures. 
urabolic rate law constants are plotted in Fig. 7 
)%. Results are in good agreement with results 
om abraded samples for alloy 12046 and, with 
me exceptions, agreement 
P246. Somewhat 


was good for alloy 


higher rates of reaction were 


ABLE VII. Comparison of the parabolic rate law constants 


and heats, entropies, and free energies of activation at 
700°C 
Cr Ni 13246 

em? ‘sex 2.38 X 10° | 2.06 X 10-3 | 1.261 « 10-15 
i” mole 70,400 11,200 51,400 

rf iole 

di 22.0 —6.0 ~3.50 
i ole 49,000 47 ,040 54, 800 


found for the hydrogen pretreated specimens for 
alloy 12246. 


THEORETICAL 


The experimental entropy of activation is made 
up of two terms: (a) entropy of formation of va- 
cancies, and (b) entropy of activation of diffusion. 
Theoretical and experimental studies by Zener have 
shown that the entropy of activation of diffusion 
should be positive. In a previous paper (19) calcula- 
tions were made for the oxidation of nickel and these 
verified Zener’s prediction. The essential problem 
was to evaluate the entropy of vacancy formation. 

To make these calculations for the nickel-chro- 
mium alloys, assume that diffusion in Cr.O; occurs 
through cation vacancies. These form by the reac- 
tion 

16Q.2730.+20+0 


® to the 


to the oxygen ion 


Here ©. refers to the cation 


positive electron hole, and O 
in the Cr.Os structure. 


vacancy, 


Change in entropy can be calculated from the 
in 
the CroO; lattice and from the entropy change of 
distortion of the Cr.O; structure due to the formation 


entropy of !'5 mole of O. gas and 1 mole of O 


of positive holes and cation vacancies. Following the 
methods of a previous paper (19), we assume the 
entropy of the oxygen ions in Cr,O; to be 's5 of the 
molal entropy. 

Since Cr,O; has a rhombohedral structure, the 
authors have not attempted to calculate the entropy 
of distortion. Instead, they assume the distortion 
entropy changes associated with the NiO lattice. For 
NiO, an entropy of distortion of —1.34 cal/deg was 
calculated for each mole of cation vacancies and 
—0.47 cal/deg for each mole of positive holes. 
Since only 23 of a cation vacancy is formed in the 
—18 cal 
deg. Therefore, at 1000°K entropy change of con- 


reaction, total entropy of distortion is 


densation of '5 mole of O, and the formation of 
22 mole of vacancies and 2 moles of positive holes 
at particular lattice sites in a large 
CreQ, — (29.10 10.8 + 1.8) 


amount of 
— 20.1. 


is _ 
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Since 23g defects are formed, entropy change 
per defect is —7.5 cal/mole/deg. 

Since the entropy of activation term in the rate 
expression is made up of two terms, the entropy of 
formation of vacancies and the entropy of activa- 
tion of diffusion, it is possible to evaluate the latter 
term. These values are tabulated in Table VI. 

Alloy 13246 gave a positive entropy of activation 
for diffusion which agrees with theoretical pre- 
dictions (18). However, alloy 12246 and 12046 gave 
negative values of —4.8 and —8.5 eu, respectively. 
Experimental errors in the determination of AH* 
from the data may lead to errors in AS* of diffusion 
of +2. In addition, until the details of the mechanism 
of diffusion can be given, the values of a, », and 4 
may be in error. In this interpretation, these errors 
would show up in the entropy term and may lead 
to errors of AS* of diffusion of +2. The over-all error 
in AS* was of the order of +4. 

In addition to these errors in the picture of 
diffusion and in the evaluation of AH*, several other 
factors are of importance. First, the mechanism of 
vacancy formation is influenced by alloying ele- 
ments and impurities which leads to different values 
for the entropy of vacancy formation. Second, the 
oxide was not Cr.Q; alone but a segregated mixture 
with SiQ., CaQ, ete. 
fusion phenomena may be of importance in this 


Third, grain boundary dif- 


system. These effects would give in the correlation 
made here negative entropies of diffusion since all of 
the deviations from theory were thrown into the 
entropy term. 

At present it is impossible to make a complete 
theoretical interpretation of the entropy term. It 
may be noted, however, that on an absolute basis 
the agreement of theory with the experimental rate 
is within a factor of ten for all of the alloys. 

From a technical point of view, it is of interest to 
compare the results with the useful life test data. 
In this study alloy 12246 showed the lowest oxida- 


tion rate at constant temperature, while useful life 


tests showed alloy 12046 was superior. This 














II 


the oxide from the alloy. 


Any discussion of this paper will appear in a Diseyss 
Section to be published in the December 1954 issue of ; 
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as hee: 
discussed by Gulbransen and MeMillan 3) 
recent paper. They conclude that performance } 
useful life tests was not a measure of norma! oxic; 
tion processes alone but of resistance to cracking ,; 
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Surface Reaction between Oxygen and Thorium’ 


A. F. Gerps Anp M. W. Matuerr 


Battelle Memorial Institute, Columbus, Ohio 


ABSTRACT 


The rate of reaction of oxygen with are-melted and rolled iodide thorium has been 
found to obey the parabolic rate law in the temperature range of 850° to 1415°C at 1 
atm pressure. The rate constant can be expressed as k = 5.5 & 107 e~8-5¢°/RT (ml /em?)? 


sec. The energy of activation, 62,800 cal/mole, has a probable error of 2400 cal/mole. 


INTRODUCTION 


Reactions between gases and metals generally have 
been found to obey a linear, parabolic, cubic, or 
logarithmic rate law. Factors controlling the various 
aws as well as their derivations have been ade- 
quately described in the literature (1-7) and are, 
therefore, not repeated here. 

Levesque and Cubicciotti (8) studied the oxidation 
of thorium at 45 em pressure in the temperature 
range of 250° to 700°C. They found the reaction to 
proceed in accordance with the parabolic rate law 
between 250° and 350°C and calculated the energy 
of activation to be 31,000 cal/mole. Between 350 
and 450°C, the rates of oxidation were reported to be 
inear With time. An energy of activation of 22,000 
cal/mole was found for this temperature range. 
\bove 450°C, they reported that the temperature of 
the sample rose considerably above the temperature 
of the furnace, resulting in nonisothermal condi- 
tions. 

The present investigation was made to study the 
reaction between oxygen and thorium for longer 
times and at higher temperatures and pressures than 
those studied by Levesque and Cubicciotti. 


MATERIALS 


The thorium used in this investigation was iodide 
crystal bar produced by the de Boer process. The 
crystal bar was are melted, forged into a 1-in. square 
rod, and cold finished to a 54¢-in. cylindrical rod. 
Test specimens, each 14% in. long, were machined 
irom this rod. Diameters of the specimens were 
reduced to slightly less than 54g in. to remove sur- 
lace contamination. 

Thorium was analyzed by spectrographic, chem- 
ial, and vacuum-fusion methods. Principal im- 
puriiies found were 300 ppm by weight each of 
earbon and oxygen and 100 ppm each of silicon and 


nuseript received August 20, 1953. This paper was 
pre d for delivery before the Wrightsville Beach Meet 
Ing tember 12 to 16, 1953. Work was done under Con 
0. W-7405-eng-92 for the United States Atomic 
Commission. 


molybdenum. All other impurities were present in 
concentrations of less than 100 ppm. 

Oxygen used in this study was prepared from de- 
rassed potassium permanganate by the method 
described by Hoge (9). Gas was dried by passing 
through a dry ice-acetone cold trap prior to its 
reaction with the thorium specimen. 


PROCEDURE 


Experimental apparatus was similar to that 
described in an earlier paper (10) with a few modi- 
fications. Since the reaction being studied involved 
oxygen, it Was necessary to use a zirconia tube to 
separate the thermocouple from the thorium 
specimen instead of a graphite tube liner. The dead 
volume of the reaction system was materially 
reduced by suspending a Vycor tube, sealed at both 
ends, from a hook in the cap of the reaction tube. 
A sketch of this arrangement is shown in Fig. 1. 

A 4-kw tungsten-gap-type Lepel converter was 
used to heat the specimens. Temperature readings 
were made with a Pt-Pt + 10% Rh thermocouple 
calibrated against an optical pyrometer as_ in 
previous work (10). 

A cylindrical thorium specimen to be used in a 
reaction rate study was abraded on 240-, 400-, 
and 600-grit kerosene-soaked silicon carbide papers. 
Kerosene minimized oxidation during abrasion and 
was removed by successively rinsing in naphtha, 
ether, and C. P. acetone. The specimen was then 
suspended in the reaction tube as noted above. 
The specimen was degassed by heating under a 
vacuum of less than 0.5 » at 1200° to 1400°C for at 
least 15 min to remove hydrogen prior to adding the 
oxygen. Oxygen was added to the reaction tube to 
atmospheric pressure in measured amounts from a 
50-ml glass buret. Progress of the surface reaction 
was followed by observing pressure changes in the 
closed system with an open-end mercury manom- 
eter. Further measured amounts of oxygen were 
added from time to time to maintain the pressure 
between about 34 and 1 atm. The system was 
evacuated and the specimen was cooled to room 
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Water -cooled , high-frequency, 
copper induction cols 


Fig. 1 Cutaway section of reaction tube assembly 


temperature in vacuum after the reaction had been 
followed for the desired time. 

The difference between the quantity of oxygen 
added to the reaction system and that remaining in 
the gas phase is a measure of the gas absorbed by the 
specimen at any time. Quantity of gas reacted per 
unit area was computed by using the original 
geometrical dimensions of the specimen. 


RESULTS AND Discussion 
Solubility of Oxygen in Thorium 


The solid solubility of oxygen in thorium is low 
even at elevated temperatures. Evidence of this can 
be obtained by observing the angular inclusions of 
oxide found in the microstructure of thorium. 
Magnesium-reduced thorium usually contains from 
0.10 to 0.15 weight % oxygen and many oxide 
inclusions are evident. Arc-melted and rolled iodide 
thorium usually contains less than 0.05 weight % 
oxygen and, although fewer in number, discrete 
oxide inclusions can be noted in its microstructure. 
Even this lesser amount of oxygen in the arc-melted 
iodide thorium exceeds the solubility limit of oxygen 
in thorium at elevated temperatures. This was shown 
quite clearly by reacting a sample of this thorium 
with oxygen at 1415°C for 3 hr. The surface oxide 
layer was removed and the rest of the sample was 
analyzed for oxygen. A sample of the base material 
with no oxygen added was also analyzed. Both 
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specimens analyzed 0.028 + 0.003 weight % oxyg,, 
These results indicate that no oxygen was diff) 
into the specimen as a result of the reaction j 
1415°C, and that the thorium previously had hoo 
saturated with oxygen at a temperature higher th, 
1415°C, probably during reduction or arc meltiyy 
This low oxygen solubility made it impossible ; 
obtain diffusion data. 


Rates of Reaction 


The rate of surface reaction of oxygen 
thorium was studied in the temperature rang 
850° to 1415°C at atmospheric pressure. They 
reactions produced a tightly adherent surface {i 
of ThOs which was dark-gray to black for the high 
temperatures and tended to be lighter-gray for || 
lower temperatures. Plots of the experimental da; 
for several of the oxidation runs are shown in Fy 
2. For clarity, some of the curves for intermedia; 
temperatures, and curves which crossed or fell ; 
to other curves, were omitted. 


It was observed that, as the oxygen first contac 


the thorium, an exothermic reaction occurs, 
creasing the temperature of the specimen insta 


taneously by as much as several hundred degree 


Celsius. A similar observation was made by Leves 
and Cubicciotti (8) for temperatures above 450" 


With the use of induction heating and continuow 


control of power availabie, this effect could 


counteracted by reducing rapidly the heat inpw 
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Fic. 2. Oxidation of thorium at 850° to 1415" 
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from converter. At higher temperatures, where temperature was obtained from the slope of the 


the rale of reaction is quite rapid, the temperature 
could be effectively controlled by this technique. 
However, at lower temperatures, where the rate of 
reaction is normally quite slow, the amount of 
oxygen reacted during even a brief nonisothermal 
period is relatively large compared to the amount 
of gas reacted isothermally thereafter. This was 
especially significant at temperatures below about 
155°C where as much gas might be absorbed in the 
frst fraction of a minute with the specimen at the 
elevated temperature as would be absorbed by the 
specimen at the desired temperature in several hours. 
It was obvious that in order to interpret the data, 

correction for the non-isothermal period was 
equired., 

Moore (11) has described an equation for the 
parabolic law which provides for the discarding of 
nitial deviations in reaction behavior. With the 
nitial conditions, y = y, at ¢ = O, the integrated 
form of the equation is 


y — yo = Ay = k(t/Ay) — 2y, (I) 
vhere: y = experimental value for the amount of 
oxygen reacted; y. = amount of oxygen reacted 
nonisothermally; & = the parabolic rate constant; 


ud? = time from origin at y, . 
Using equation (I), the rate constant, k, for each 
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Gg. 3. Oxidation of thorium at 955°C 


straight line portion of a plot of y against t/Ay. 
Fig. 3 is an example of this type of plot. 

Slopes obtained from log-log plots of the corrected 
data for the gas absorbed in milliliters per square 
centimeter vs. time for the 14 experimental runs in 
the temperature range of 850° to 1415°C are listed in 


TABLE I. Rate constants, k, 


lemperatures 


ng Temp, “C 
l 850 
2 900 
3 955 
i 1005 
5) 1055 
6 1110 
7 1110 
S 1160 
0 1210 

10 1210 

11 1260 

12 1310 

13 1310 

14 1415 


Total 


time, ¢, 
ot run, 


min 


180 
180 
180 
180 
180 
180 
180 
180 
180 
LSO 
180 
180 
120 

15 


Total 
oxygen 
absorbed 
in time, 
t, ml/cm? 


ml/cm? 


0.99 0.36 
2.13 0.82 
2.12 0.66 
+.70 1.93 
6.52 1.09 
6.66 0 
5.46 0 
17.61 0 
17.69 0 
25.98 0 
26.33 0 


25.28 0 
27 .32 0) 
14.79 0 


kx 108 
(ml/cm?)2 


Sec 


0.040 


or Om or 


2 wn 
~ 
— 


S 
oC} 
~I 
mn Oa 


determined at various 


Slope of 
log log 
plot* 


O.: 
O.f 


0 


0. 
0.. 
0. 
0. 
0. 
QO. 
0.: 
0.f 
0. 

0. 

Q.é 


* Slope of corrected experimental data. The origin of 


time, ¢ = o, was set 


at amount of oxygen, y, 


, reacted in 


first stage of oxidation. Slope of 0.50 indicates a parabolic 
rate law is being obeyed. 


Temperature , °C 
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Table L. Slopes vary from 0.42 to 0.58, showing that 
corrected experimental data follow the parabolic rate 
law reasonably well. Values of the rate constants, 
k, ecaleulated for the reactions are also listed in 
Table I. Fig. 4 shows a plot of these parabolic rate- 
law constants against 1/7’. The position of the best 
straight line through the experimental points was 
obtained by the method of least squares. Energy of 
activation of the reaction was calculated using the 
Arrhenius-type equation k = Ae °'“", The rate 


constant, k, in (ml/em*)"/see can be expressed as: 





k = 5.5 X 10’e& &"? (IT) 


where 62,800 + 2400 cal/mole is the energy of 
activation. 

Levesque and Cubicciotti (8) reported an energy 
of activation of 31,000 cal/mole for the parabolic 
oxidation of thorium between 250° and 350°C. 
This value probably should not be compared with the 
value obtained in the present work because of the 
difference in level of temperature ranges involved. 
Another aspect of the oxidation of thorium at high 
temperatures is the relatively high activation energy 
for the reaction compared with those generally 
found for other metals. However, the reaction is 
not unique in this respect, since the activation 
energies for the parabolic oxidation of metals range 
from 18,000 to 62,000 cal/mole (12, 13). 
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in, Thorium’ 


Reaction of Nitrogen with, and the Diffusion 





of Nit rogen 


A. F. Gerps ann M. W. MaAtuerr 


Battelle Memorial Institute, Columbus, Ohio 


ABSTRACT 


Rates of reaction of nitrogen with thorium were determined for the temperature 
range of 670° to 1490°C at 1 atm pressure. The reaction follows a parabolic law and the 


» 


parabolic rate constant in (ml/em*)?/sec is k = 5.9 e-**-4°°/#T, The activation energy of 


reaction has a probable error of 1300 cal/mole. Rates of diffusion of nitrogen in thorium 
were obtained over the temperature range of 845° to 1490°C at atmospheric pressure. 


The diffusion coefficient in em*/see is D = 


2.1 K 1078 e 22-500/RT. The activation energy 


of diffusion has a probable error of 1300 cal/mole. Limiting solubilities of nitrogen were 
determined from the diffusion data. The heat of solution of atomic nitrogen (from ThN 


in thorium is AH = 11,000 cal/mole. 


INTRODUCTION 


Thorium is one of a number of metals that tarnish 
it room temperature rather rapidly when exposed 
io the atmosphere. The tarnish film formed is 
ugely oxide resulting from a reaction of the thorium 
vith oxygen and moisture from the air. At elevated 
temperatures both oxygen and nitrogen react with 
thorium. In its fabrication, such operations as 
melting, forging, rolling, swaging, and the like are 
ommonly employed. It would be of interest to 
know the precautions that must be observed to 
prevent contamination of the metal during the 
arious operations. A study of the reaction of 
thorium with oxygen at atmospheric pressure in the 
temperature range of 850° to 1415°C was recently 
ompleted at this laboratory (1). Levesque and 
Cubicciotti (2) have reported on the oxidation of 
thorium in the temperature range of 250° to 700°C 
i an oxygen atmosphere at a pressure of 45 cm. It 
was the objective of the present investigation to 
study the rate of reaction of nitrogen with massive 
thorium and also to obtain data on the diffusion and 
solubility of nitrogen in the metal. 

Thorium metal has a face-centered-cubic structure 
with a lattice constant of 5.088 A. Three nitrides of 
thorium are reported in the literature. Matignon 
und Delépine (3) produced a yellowish-maroon 
powder by heating thorium in nitrogen, to which 
they assigned the formula Th,;N,. Chiotti (4) 
identified the erystal structure of ThN as face- 
centered cubie with a lattice constant of 5.18 A. 
Zachariasen (5) reported the crystal structure of 
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Th.N, to be hexagonal, of the LasO; type, with a = 
1.08 + 0.01 Aandc = 6.30 + 0.02 A. 

No references have been found in the literature 
either to rates of reaction of nitrogen with thorium 
or to solubilities or rates of diffusion of nitrogen in 
thorium. 


MATERIALS 


Iodide crystal-bar thorium, produced at Battelle 
Memorial Institute, was used in the investigation. 
The crystal bar was are melted, forged to a 1-in.- 
square rod and cold finished to a °4¢-in. cylindrical 
rod. Test specimens, each 144 in. long, were ma- 
chined from this rod. Diameters of the specimens 
were reduced to slightly less than °4¢ in. to remove 
surface contamination. Each specimen had a surface 
area of about 8 em’. 

Impurities in the thorium were determined by 
spectrographic, chemical, and vacuum-fusion an- 
alyses. Principal impurities detected were carbon and 
oxygen, 300 ppm by weight each, and silicon and 
molybdenum, 100 ppm each. All other impurities 
were present in amounts less than 100 ppm by 
weight. 

Nitrogen used in this study was prepared by 
passing prepurified tank nitrogen (The Matheson 
Company) over zirconium turnings heated at 850°C. 
The gas was then dried by passing through a dry 
ice-actone cold trap. Purified gas was analyzed by 
means of a mass spectrometer and found to contain 
99.8 vol % nitrogen with 0.2 vol % argon as the 
only measurable impurity. 


PROCEDURE 


The modified Sieverts apparatus used to measure 
rate of reaction of nitrogen with thorium is similar 
to that described in a previous report (6). In this 
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investigation, the thorium specimen, suspended by a 
platinum-platinum + 10% rhodium thermocouple 
threaded through a hole drilled near one end, was 
separated from the thermocouple by a small graphite 
tube liner. The thermocouple was calibrated against 
a standardized optical pyrometer (6). 

A Vycor tube sealed at both ends was used to 
reduce the dead volume of the reaction system. 
Specimens were heated inductively. Power 
supplied by a 4-kw tungsten-gap-type Lepel con- 
verter. 


was 


Cylindrical thorium specimens used in these 
reaction rate studies were prepared as has been 
described in a previous paper (1). Specimens were 
degassed by heating under a vacuum of less than 
0.5 w at 1150° to 1600°C for at least 10 min to re- 
move hydrogen prior to adding the nitrogen. 

Nitrogen was added to the reaction tube, con- 
taining the thorium specimen, to atmospheric 
pressure in measured amounts from a 50-ml glass 
buret. Progress of the reaction was followed by ob- 
serving pressure changes in the closed system with 
an open-end mercury manometer. Further measured 
amounts of nitrogen were added from time to time 
to maintain the pressure between about 34 and 1 
atm. The system was evacuated and the specimen 
was cooled rapidly to room temperature in vacuum 
after the reaction had taken place for the desired 
period of time. 

The difference between the quantity of nitrogen 
added to the reaction system and that remaining in 
the gas phase is a measure of the gas absorbed by the 
specimen at any time. The quantity of gas reacted 
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nitrogen at 1370°C, 250x. 
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per unit area was computed by using the « rigin, 
geometrical dimensions of the specimen. 

Specimens reacted with nitrogen in order to sty, 
the rates of reaction at various temperatures wey, 
also used to obtain diffusion data. Lengths equal ;, 
the radius were cut from the bottom end of thy 
specimens and also from the lower edge of the ho} 
that had been drilled near the top to suspend thy 
specimens. The remainder was machined radia)) 
into layers of equal weight which were then aq). 
alyzed for nitrogen by a modified Kjeldahl method 
Diffusion coefficients and the energy of activation o/ 
diffusion were determined using the average nitroge 
concentration of each layer, the average radius oj 
the layers, the original radius of the specimen, ay 
the time of diffusion. 


RESULTS AND DISCUSSION 
Surface Reaction 


The rate of surface reaction of nitrogen wit! 
thorium was studied in the temperature range 
670° to 1490°C. The nitride film formed on th 
surface of the specimen is characterized by a golde: 
yellow color when the reaction takes place belo 
750°C. At higher temperatures, the surface film is 
dark-gray color which seemed in some cases to |) 
composed of discrete grains. However, the golde: 
yellow film, noted when the reaction took place «| 
lower temperatures, was visible if the gray oute: 
film was cracked away. Fig. 1 shows the micro 
structure at the surface of a sample of thoriun 
reacted with nitrogen at 1370°C. At a magnificatio: 
of 250X, the relatively thick dark-gray outer laye 
of Th.N; can be distinguished easily from the inne: 
thin, golden-yellow layer. This golden-yellow ma 
terial was reported to be ThN by Chiotti (4). Th 
discrete and somewhat dendritic-shaped inclusions 
which are present abundantly, have the 
acteristic color of the mononitride. These can easil 
be distinguished from the few very dark-etching 
oxide inclusions which are also shown in Fig. | 


char 


Both surface films appear to react at room temper 
ature with moisture from the atmosphere to forn 
the powdery gray oxide, ThOs. 

The reaction between nitrogen and thorium was 
found to follow a parabolic law in the temperature 
range of 670° to 1490°C at atmospheric pressur 
Experimental data for several representative ruts 
are plotted in Fig. 2. At temperatures below 1255°C, 
some slight initial deviations were found in a few 
cases. Between 1370° and 1605°C, reactions 
parabolic initially, and, after a short time, became 
linear (see Fig. 3). At 1370° and 1490°C, the initial 
period of parabolic reaction was 20 to 30 min. 
At 1605°C, the parabolic rate law was obeyed for 
only the first 5 min of reaction. Reaction ther be- 
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Fic. 2. Reaction of nitrogen with thorium at 670° to 


1490°C 


came linear with time for at least 40 min longer. 
It is also rather interesting to note that the reactions 
at 1490° and 1605°C changed from parabolic to 
linear when about 6 mg of nitrogen per square 
centimeter of surface area had been reacted. 

Cubicciotti noted a similar change in type of rate 
in the oxidation of uranium (7) at about 200°C 
and also in the oxidation of cerium (8) between 
160° and 190°C. Gulbransen and Andrew (9) 
studied the reaction between nitrogen and beryllium 
and found a similar effect for the reaction at 925°C. 
In the three instances cited above, reactions pro- 
ceeded parabolically with time initially and then 
increased to a rate faster than parabolic, becoming 
linear with time in two cases. Cubicciotti (7) ex- 
plained this phenomenon by reasoning that, since 
the volume of the compound formed on the surface is 
larger than that of the metal reacted, the surface 
lilm must be under stress. When the film reaches a 
certain thickness, the stress becomes large enough 
that the film begins to crack or flake. At this point, 
the film is no longer protective and the reaction then 
is linear or faster than linear with time. As the 
temperature of the reaction is increased, cracking 
fan occur sooner since the rate of reaction is more 
rapid. At some temperature, the entire reaction 
might appear to be linear. This hypothesis seems 
also to fit well data obtained in this study of the 
react between nitrogen and thorium. 
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Fic. 3. Reaction of nitrogen with thorium at 1370° to 
1605°C. 


TABLE I. Experimental rate constants, k, for the thorium 
nitrogen reaction 


- . of 
Sample Temp, “¢ kx 
(ml/cm?)2/sec 


l 670 0.13 
2 730 0.28 
3 900 2.94 
} 900 4.00 
5 960 1.97 
6 1020 3.55 
7 1100 6.00 
S 1175 11.9 
9 1200 6.62 
10 1200 9.83 
1] 1255 22.3 
12 1370 36.0 


13 1490 130 


The parabolic-rate constant, k, was calculated by 
determining the slope of the straight line resulting 
when the square of the amount of gas absorbed per 
unit area was plotted against time. Values of k 
determined in individual experiments at temper- 
atures in the range of 670° to 1490°C are shown in 
Table I. A plot of log k vs. 1/T of these experimental 
points is shown in Fig. 4. The position of the best 
straight line through these points was determined by 
the method of least squares. The activation energy, 
obtained using the Arrhenius-type equation, k = 
Ae *'®" is 24,300 + 1300 cal/mole. The correspond- 
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‘action rate constant, k, with temperature 


ing rate constant lor the reaction in (ml em sec is 





where the frequency factor is 5.9. 






The energy of activation of 24,300 cal/mole is 
much lower than the value obtained for the oxida 
tion of thorium, namely, 62,800 cal mole. Energies 


of activation for the reaction between various 









metals and nitrogen reported in the literature vary 
from 31,400 cal/mole for the reaction of vanadium 
with nitrogen (10) to 75,000 cal/mole for the re- 
All of 


activation energies are higher than that found in the 


action of beryllium with nitrogen (9). these 


present invest igat ion. 
Diffusion 


Diffusion data for nitrogen in thorium’ were 


computed by the graphical method described by 
Mallett and coworkers (11). Values of the diffusion 
coefficient, D, obtained from the experimental data 


S45° to 1490°C, 






in the temperature range of 


listed in Table II 
\ plot of the logarithms of the diffusion coefficients 








Vs reciprocal temperature is shown in Fig. 5. The 
equation of the best straight line through the ex- 
perimental! points was determined by the method of 





least squares. The energy of activation of diffusion, 
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obtained 
22 500 + 


in square 


from the Arrhenius-type equ 
1300 cal/mole. Diffusion coefficient. 
centimeters per second is 


Energy 
the range reported in the literature fo 
diffusion of Wert and 
Zener (12), using internal friction measuremey. 
calculated an energy of diffusio 
17,700 cal/mole for nitrogen in iron. Ké (13). ys 


of activation of diffusion, 22,500 cal /mo) 








Is In 


nitrogen in other metals. 


activation 


the same technique, obtained an activation ener 
of 44,000 cal/mole for the diffusion of nitroge; 

tantalum. Mallett and coworkers (11), with the sa 
method as used in the present investigation, repor 
33,600 | 
nitrogen in a 


More 


an activation energy of cal/mole for 


diffusion of zirconium-2 weight 


hafnium alloy. recent work by Malle 









TABLE II 







Exrpe rimental diff iston coefficients 





in thor avn 







l Oly S45 0.048 
Be } 900 0.079 1 | 
3 6 O60 0.097 9 

! } 1020 0.117 3.0 
5 } 1100 0.159 if 
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Cleland (6), with low-hafnium zirconium, 


value of 30,700 cal/mole. 


Solubility 


niting solubility (11), ¢, of atomic nitrogen 


wentration of nitrogen just inside the 1 


nter- 


veen the ThN surface film and the thorium 


This concentration may also be considered 


io the dissociation pressure of ThN. Since 


the surface laver is quite thin, no serious error is 


troduced in obtaining maximum solubility by 


extrapolating data to the outer surface of the 


specimen 


rather than the interface between 


sirface film and the specimen. 


the 


Values of c, at the various temperatures are listed 


lable II. A plot of these values against temper- 


ture is shown in Fig. 6. The line described in this 


tt is a boundary between a single- and two-phase 


region on the thorium-nitrogen phase diagram. The 


course of the line below about 0.05 weight % 1 


iitro- 


gen is not known, but it appears likely that the line 
may approach zero concentration asymptotically 


th decreasing temperature. 
\ plot of the values of ¢,, listed in Table IT, on a 


garithmic seale vs. reciprocal temperature is shown 


the experimental points was determined by 


Fig. 7. The slope of the best straight line through 


the 


method of least squares. The solubility in weight per 
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Fic. 7. Variation of solubility of nitrogen in thorium 
with temperature. 


cent nitrogen in thorium over the temperature range 
involved, 845° to 1490°C, can be expressed as 


logue, = —2405/T + 0.9115 (IIT) 


where 7 is the temperature in degrees Kelvin. 
From this equation, the heat of solution per mole of 
atomic nitrogen (from ThN) dissolved in thorium is 
AH = 11,000 + 400 eal. 


CONCLUSIONS 

Reactions of thorium with nitrogen were studied, 
using a modified Sieverts apparatus, over the 
temperature range of 670° to 1605°C. Below about 
750°C, a golden-yellow nitride film of ThN formed 
on the surface of the specimens. At higher temper- 
atures, the surface film was the dark-gray ThoN;. 
Beneath this and adjacent to the thorium, the 
golden-yellow nitride was found. Both products 
reacted slowly at room temperature with oxygen and 
moisture from the air to form ThOs. 

Reaction-rate data were found to obey the 
parabolic rate law between 670° and 1490°C. At 
1370° and 1490°C, reactions were parabolic the 
first 30 min and then became linear. The reaction at 
1605°C became linear after only about 5 min of 
parabolic reaction. An activation energy of reaction 
of 24,300 + 1300 cal/mole was calculated for the 
parabolic reaction between 670° and 1490°C. This 
value is lower than activation energies reported in the 
literature for the reaction of nitrogen with other 
metals. 
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The rate of diffusion of nitrogen in thorium was 
determined over the temperature range of 845 
to 1490°C. An activation energy of diffusion of 
22.500 + 1300 cal/mole was calculated, which is 
in the range reported for the diffusion of nitrogen 
in other metals. Limiting solubilities of nitrogen in 
thorium were obtained from the diffusion data. From 
these solubility data, a heat of solution, AH = 
11,000 + 400 cal/mole for nitrogen in thorium, was 
calculated. 

In the hot working of thorium below 850°C, no 
great difficulty would be expected by diffusion or 
solution of nitrogen into the metal. Even if such hot 
fabrication were carried out in a 100% nitrogen 
atmosphere, the principal contamination would be 
the formation of a thin surface nitride film. In 
working in air, the surface film is oxide rather than 
nitride. 
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ABSTRACT 


Anions approach a cathode by diffusion and convection rather than by electrolytic 


migration in view of the adverse potential gradient. The rate of transport of anions of 
valence z; toward a cathode is decreased appreciably if the potential difference across the 


diffusion boundary layer is of the order of, or greater than, kT7’/ | z; | ¢ 


= ().025 


volt. This effect may account for the prevention of the reduction of hypochlorite at a 
cathode covered by a diaphragm of chromium oxide. Similarly, the rate of transport of 


cations toward an anode is decreased appreciably if the potential difference across the 
diffusion boundary layer is of the order of, or greater than k7'/z;e = 0.025/z; volt. 


INTRODUCTION 


When a negatively charged ion X~ is reduced 
athodically, it has to approach the cathode by 
diffusion and convection against an adverse potential 
gradient. If no other cathodic process takes place 
and the solution contains a large excess of other 
ons providing a high electrical conductivity, the 


uiverse potential gradient is small and the transport 
rate of anions X~ is affected only slightly. If, how- 
ver, in addition to the reduction of anions X~, a 
second electrochemical reaction takes place and the 
total current density is sufficiently high, the adverse 
potential gradient may become significant and, 
thereby, the transport rate and the reduction rate of 
anions X 

If positively charged ions are oxidized anodically, 
Fe* 


the electrode against an adverse potential gradient. 


may be decreased considerably. 


eg., Fe" + e~, they also have to approach 


Thus one has a situation analogous to the reduction 
of anions at a cathode. 

In the following, calculations are presented for 
dealized conditions. Since these ideal conditions are 
not easy to realize, theoretical conclusions have not 
heen verified. The following analysis, however, is 
based only on well-established electrochemical 
principles which do not require verification. A com- 
parison between experimental results and theoretical! 
conclusions would, therefore, show only whether 
actual experimental conditions were sufficiently 
lose to ideal conditions underlying the theoretical 


UNnalysis, 


Most important are certain qualitative results 
Which are independent of idealizing assumptions. 
In particular, it is shown that the cathodic reduction 
Ol anions, e.g., hypochlorite in solutions with excess 
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sodium hydroxide, may virtually be prevented at 
high current densities. 


REDUCTION PROCESSES IN A SOLUTION WITH EXCESS 


Sopium HypROXIDE 


When a solution of sodium hydroxide is electro- 
lyzed, hydrogen is evolved at the cathode, 


H.O + e = OH- + 14 Ha. (I) 


The cathodic formation of hydroxy] ions leads to 
an enrichment of hydroxy! ions at the cathode. For 
the sake of simplification, we assume a stagnant 
boundary layer of thickness 6 beyond which con- 
centration differences 


are owing to 


vigorous stirring and turbulent mixing. In an ideal 


negligible, 


experiment, such a type of boundary layer may be 
realized by means of a diaphragm whose pores are 
so large that specific effects due to adsorption and 
the electrical double layer can be disregarded. 

The transport rate of ions of type 7 per unit time 
per unit area in the direction of the x coordinate in 
a dilute aqueous solution at rest can be expressed as 


1 dn; 0c; dD; Oo 
—— oS —D); - — ome Cnet 
A dt Ox k7 ON 
(11) 
0 In ¢,; z,e Oo 
—F NE Ae 
\ Ox kT dx 
where dn,;/dt is the number of moles of ions, 7, 


passing cross section A per unit time, D; the diffu- 
sion coefficient of ions of type 7, c; their concentra- 
tion, z; their valence (positive for cations and 
negative for anions), e the electronic charge, ¢ the elec- 
trical potential, k the Boltzmann constant, and T 
absolute temperature. The first term on the right- 
hand side of equation (II) accounts for transport 
the 


second term accounts for electrolytic migration. 


due to the concentration gradient, whereas 
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The “mobility” of ions 7 does not appear explicitly, 
since it is expressed in terms of the diffusion coeffi- 
cient by using the Nernst-Einstein relation, D; = 
mobility & kT. 

Under steady-state conditions, the concentration 
c of sodium hydroxide in a stagnant boundary layer 
is a linear function of the distance x from the surface 
of the electrode as follows by applying equation (II) 
to cations and anions, respectively, for an anion 
transport rate corresponding to the cathodic process 
formulated in equation (1), eliminating the potential 
gradient, and calculating the concentration ¢ as a 
function of distance x from the cathode. Thus, 


c= Col — (yy — l)zx 5| (IIL) 











C; = Ci 


nn vd lr al 2] 
Diy — 1) 4 Y 5 


(VII 
x E ~- | if 2; = 1 


As mentioned above, we assume that ions 






t typ 
j are readily reduced at the cathode if hydroge; je 
developed. Thus, letting c; = 0 forx = 0 i equa 
tions (VIa) and (VIb), we find the reduction 
v; to be 






rate 













= - if z, lL. (VIT} 





where c, is the bulk concentration of sodium hy- 


droxide and y = Ceg/c, is the ratio of the sodium 
hydroxide concentration cg at the electrode to the 
bulk concentration c 
r> 46). 

Upon 


outside the boundary layer 


(111) in 
(II) for sodium ions whose transport rate is zero, 
it follows that 


substituting equation equation 


(LV) 


atO S x S 6. 

Ox e yi — (y — Ir * = 
Now we assume that in addition to sodium hy- 
droxide the solution contains a small amount of 
ions of type j which are readily reduced at the 
that 
x = 0. Applying equation (II) to ions 7, we may 


cathode so their concentration vanishes at 
show that the transport rate of ions 7 will be affected 
appreciably by the potential gradient only if the 
potential difference across the diffusion boundary 
layer is of the order of, or greater than, k7'/ | z; |e = 
0.025/ | z; | volt. If the concentration of ions 7 is much 
less than the concentration of sodium hydroxide, 
(III) and (IV) approximately 
valid. The reduction rate, v;, of ions 7 in moles per 


equations remain 
unit area per unit time is equal to the negative value 
of the transport rate in the direction of the x co- 
ordinate. Upon substituting equation (1V) in equa- 
tion (II) fori = $. it follows that 


D;2z,;¢;ly — 1) (y) 
Ox y6 — (y — Ix 

where c;, but not v;, depends on x. Integrating equa- 

tion (V) with respect to 2 and putting ¢; = cj») for 

r § as the bulk concentration of ions 7 outside the 

boundary layer, we obtain 


vd x 
p (z) — ) Diy —ly-@- 03] 
4 vid 
. | ci ~ (25 — DDy — 5 | 


(Va) 





If the sodium hydroxide concentration at tly 
surface of the cathode differs only slightly from th 
bulk concentration, i.e., if y & 1, it follows fro, 
equations (VIIa) and (VIIb), with the aid of series 
expansions, that the reduction rate is 








v v(y¥ 1) = D; cjo)/B. VIII 






Under these conditions. the 





reduction rate 
ions j is independent of the simultaneous evolutio 
of hydrogen, since the total potential difference 
across the boundary layer is small as compared | 
kT/e = 0.025 volt. This relation is well-know: 
polarography. 







If the concentration of sodium hydroxide at th 
cathode is much greater than the bulk concentratio: 
i.e., if y > 1, we have the following three cases 







1. For reducible cations with a valence z; equa 
to or greater than 2, it 


(Vila) and (VIII) that 





follows from equations 







hy ~ 


j = (Z, 


— I\(y — lh ify >1landz; 2 2. (IXa 






2. For univalent reducible cations it follows fror 
equations (VIIb) and (VIII) that 


fi) 


v/v; = (y — 1)/iny if z; = 1. IX! 









< 0) it follows from 
equations (VIIa) and (VIII) that 


3. For reducible anions (2 














v;/v; = —(2;| + ly — Ir (+ 7 
=~ (1 + | 2;]|)/y'"" if y > Landz; < 0. (IX 


ty 


























The value of y is related to the current density 








J, used for the evolution of hydrogen. According 
to Faraday’s law and equation (I), J/F must 

















equal to the transport rate of hydroxy! ions per wh! 
area. Substituting J/F = (dnoy—/dt)/A in equatio 
(II) for hydroxy] ions and combining with equatio 














(11) for sodium ions with zero transport rate, 


obtain 
— ¢,)(Dxyat+ + Dow-)/6 \ 
whence 


| + J6 le, ( Dat + Don \F}. 
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At h current densities, the value of oY is, there- Ob a kT | = 5 at YO < r < 5 (XTID) 
mi ually proportional to the current density. Ox e yot(l—y)r meer. 
Fron equations ([Xa), (IXb), and (XI), it fol- ; ; ; ' : : 
that at high current densities (y > 1) the trans- Upon introduction of equation (XIII) into equa- 
OWs . J ’ , ; 


nort or reduction rate of positively charged ions 7 is 
ossentially proportional to the current density, i.e., 
‘he electrical field in the boundary layer supports 
‘he diffusion of these ions toward the cathode. 


Qn the other hand, it follows from equations 
(Xe) and (XI), that at high current densities 
, |) the transport or reduction rate of anions 


, . . th 
ntially inversely proportional to the |z,|"" 


esse 
yower of the current density. In this case, the 
diverse potential gradient in the boundary layer 
has a strong retarding effect on the reduction of 
To satisfy the condition y > 1, the potential differ- 
ce across the boundary layer must be greater 
than kT’ e = 0.025 volt. Since the effective thickness 
of the boundary layer is in general less than 0.05 
m, this condition is satisfied only if the potential 
gradient in the bulk electrolyte is much greater than 
In 


woided, and, therefore, diffusion of anions toward 


0.5 volt/em. most cases, such conditions are 
the anode is hindered only to a small extent. How- 
ver, locally high current densities and, thus, po- 
tential differences exceeding 0.025 volt across the 
with a 


oundary layer may occur at a cathode 


liaphragm as is discussed below. 


OXIDATION PROCESSES IN A SOLUTION WITH 
Excess AcID 
\nalogous relations hold for the anodic oxidation 
f an oxidizable substance dissolved in acid when 
xygen is evolved at the anode. Since the potential 
gradient has the opposite sign, z; has to be replaced 
by —2, in equations (V) to (VIIb). Thus the oxida- 
tion rate of cations becomes inversely proportional 
h . . 7 
to the (z,)"" power of the current density used for 
the evolution of oxygen, if y > 1. 
RepuCTION PROCESSES IN A SOLUTION WITH 
Excess Acip 
Next, we assume conditions under which at the 


athode As 


example, we consider the reduction of ions 7 in a 


a depletion of electrolyte occurs. an 


solution of excess hydrochloric acid when hydrogen 


IX @) 


olved. In this case, the acid concentration cy, at 


the bulk 


the surface of the cathode is less than 


concentration ¢, and, thus, cg/c, = y < 1. Equation 
Ill) is, therefore, rewritten as 

c=cly + (1 — y)x/4l (X11) 
where ¢ is the acid concentration at distance x from 


the cathode. Upon substituting equation (XII) 
inecuation (IT) for Cl ions with z; = —1 and zero 
lran-port rate, it follows that 


tion (II) fori = 
substance j at a sufficiently small concentration, 


j, the reduction rate of a reducible 


equal to the negative value of the transport rate in 


the direction of the x coordinate, is found to be 


Ae; Dj;2z;(1 — y) Jide 
ge Da + —. iy 
Ox v6 + (1 — y)x 
Integration with c; = ¢j 0) for x = 6 as the bulk 


concentration of ions j gives 


v6 + ( \ 2 
¢; = oh! 
(z;) + IDA — vy) L bat 
+- C50) — : (X Va) 
(z; + ID — y) 
x |> + (1 — y) | if 2, —] 
0 
+ 056 ht + (1 ) i 
( 0 — 
Dl — y) 1? L a 
(X Vb) 


Assuming that ions j are readily reduced at the 
0 for x = O, 
we obtain the reduction rate v; from equations (X Va) 


and (XVb) as 


cathode and, therefore, putting ¢c; = 


(2; WDA -_ V)Ci.0 cn » — 
v a : a ifzc-] (X Via) 

6(1 — y*!**) 

D1 — ye 0 on 
v Wt 2 


r (X VIb) 
6 ln y 


—1. 
If the acid concentration at the surface of the 
cathode differs only slightly from the bulk concen- 
1, equations (XVIa) and (XVIb) 
transform to equation (VIII), i.e., the reduction rate 


tration, i.e., ify = 
is proportional to the concentration ¢j,9, and inde- 
pendent of the current density. 

If the current density is close to the limiting value 
of the current density due to concentration polariza- 
tion with respect to hydrogen ions and thus y = 
«K |, 

1. For positively charged ions j it follows from 
equations (XVIa) and (VIII) that 


Cr/C. we have the following three cases. 


+ 1ify <1 and z; > 0. (XVI la) 
2. For univalent anions it follows from equations 


(XVIb) and (VIII) that 


v/v; &=i/mny' ify K«K landz; = —1. (XVIIb) 
3. For anions with a valence greater than unity 


it follows from equations (XVIa) and (VIII) that 


‘ify <landz; < —2 


(XVIle) 
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According to equation (XVIIc) the reduction 
rate v; of divalent or trivalent anions is greatly 
diminished by applying a high cell voltage which 
results in a current density close to the limiting 
value due to concentration polarization with respect 
to hydrogen ions and, thus, gives a value of y much 
less than unity. In general, such conditions are not 
likely to oceur. This case is, therefore, only of 
academic interest. 


OXIDATION PROCESSES IN A SOLUTION WITH EXcEss 
Sopium HypRoXxIpDE 


Relations analogous to equations (XIT) to (XVITb) 
can be derived for the anodic oxidation of oxidizable 
substances in a sodium hydroxide solution when 
oxygen is evolved at the anode. Since the potential 
gradient has the opposite sign, z; has to be replaced 
by —z,; in equations (XIV) to (XVIb). Thus, the 
oxidation rate of cations with a valence greater than 
unity becomes proportional to the (z; — 1)™ power 
of the concentration ratio y = ¢ 
hydroxide if y < 1. 


x/¢, of sodium 


PREVENTION OF THE CATHODIC REDUCTION 
oF HYPOCHLORITE 


When hypochlorite is produced by the electrolysis 
of a sodium chloride solution for industrial purposes, 
reduction of hypochlorite at the cathode must be 
minimized. This can be accomplished by a thin 
diaphragm at the surface of the cathode. According 
to Foerster and Bischoff (1) and others (2), a small 
amount of calcium or magnesium chloride is added 
to the electrolyte so that, at the cathode, a precipi- 
tate of calcium or magnesium hydroxide is formed. 
According to Miiller (3), a small amount of chromate 
is added, which is reduced at the cathode and yields 
a very thin but effective diaphragm of chromium 
oxide. 

If the current density in the pores of such a 
diaphragm is sufficiently high, cathodic reduction of 
hypochlorite will be minimized by the adverse 
potential gradient in the pores in view of conclusions 
drawn from equation (1Xc). 


It seems significant that the reduction of ¢| 


takes plac 


r Mate 


is long as the current density is reiatiye) 


low, but will practically cease after a sufficient poy. 
tion of the surface of the cathode has been coven 


by chromium oxide and, thus, a sufficient 


UrTent 


density has been reached, for chromate ions are ajx 


rejected by an adverse potential gradient. 7), 


mechanism automatically gives a diaphragm whi} 


is effective, but does not 
drop or polarization potential. 
According 


interpretation, 


excessive |} 


ho speci! 


repulsing forces are needed in order to prevent t} 
approach of hypochlorite toward the cathode, or jj 
reduction. Specific adsorption in the pores of {| 


diaphragm seems of minor importance because 
the small thickness of the electrical double layer , 


high electrolyte concentrations. 


Frumkin and Florianovich (4) have pointed oy 
that reduction of anions at a cathode may also |, 
prevented if the electrical double layer next to thy 


cathode contains virtually no anions, as is chara. 


teristic of a cathode kept at a sufficiently negatiy; 
potential with respect to a standard hydrogen ele 
trode if the total electrolyte concentration is |o 


This effect, however, becomes insignificant at hig! 


electrolyte concentrations used for the electrolyt 


production of hypochlorite. 


To summarize, the adverse potential gradient 


pores of a diaphragm seems to be sufficient in orde: 


to account for the prevention of the reduction 


hypochlorite ions. 


Any discussion of this paper will appear in a Discuss 
Section to be published in the December 1954 issue of (| 


JOURNAL. 
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Stability of 2,6-Di-Tertiary-Butyl-Para-Cresol Inhibited 
Transformer Oil in an Are'’ 


R. Nicnots Hazetwoop, Kazumt Oura,? AND RaymMonp M. Frey 


Line Material Company, Milwaukee, Wisconsin (A McGraw Electric Company Division) 


ABSTRACT 


Behavior in an are of transformer oil inhibited with 0.38% by weight 2,6-di-tertiary- 
butyl-para-cresol was studied. It is shown that there is no essential difference between 
decomposition of inhibited and uninhibited transformer oil. By quantitative determina- 
tions and paper chromatography, it was found that there is no preferential destruction 
of the inhibitor itself by arcing. The path of arcing breakdown of transformer oil was 
studied, and it was found that the process was similar to thermal cracking of petroleum. 


INTRODUCTION 


Three years ago the electrical industry initiated 
yse of inhibitors to prevent oxidation in transformer 
oil. This step had been advocated by Von Fuchs 
1) who had shown that inhibitors increased the life 
of transformer oil in laboratory tests. Requirements 
of a satisfactory inhibitor are: (A) oxidation products 
of the inhibitor must be oil soluble. (B) The in- 
hibitor should be relatively nonpolar, insoluble in 
water, and should not react directly with molecular 
oxygen. (C) The inhibitor should not be removed by 
oi! reclamation procedures and should not be in- 
compatible with regular grades of transformer oil. 

Compounds known as “hindered phenols’ were 
found to be excellent oxidation inhibitors for 
petroleum products (2). Many persons felt that 
earlier oxidation inhibitors of the phenylene diamine 
or aminophenol types were not as satisfactory be- 
cause of their susceptibility to air oxidation and their 
high water solubility (3). The hindered phenols are 
characterized by tertiary butyl groups on the 2 and 6 
positions of the aromatic ring and an n-alkyl group 
on the 4 position. Effectiveness of the inhibitor in- 
creases With increasing length of this alkyl group and 
decreases with decreased branching of groups on the 
2 and 6 positions (4). 

Commonest of hindered phenols in commercial 
practice is 2,6-di-tertiary-butyl-para-cresol, known 
as DBPC. DBPC is a clear white crystalline solid 
melting at 70°C and boiling at 265°C. Specific 
gravity at 20°C is 1.048. It is soluble in common 
organic solvents and insoluble in water and aqueous 
solutions (5). It does not react with alkalies or under- 
g0 any of the usual reactions of a phenol due to the 
shielding effect of the large tertiary butyl groups (6). 

\lunuseript received July 24, 1953. This paper was pre 


pare r delivery before the New York Meeting, April 12 
to lf 153 

nd in a series of studies on inhibited transformer 
first paper see Reference (9). 

eased (August 10, 1953). 


The primary function of an oxidation inhibitor in 
mineral oil is to react with hydroperoxides formed by 
oxidation (3). 

OH 


‘SC(CHs)s _— 






R—C—O—OH + (CHs)sCy 


OH 
(CH;);C/ C(CH;); + R—C—H 
( 
JY 
C=O 
H 
b 


The aldehyde (b) has some anti-oxidant properties 
itself, although not to the extent that DBPC (a) 
has (4). 

The function of an inhibitor is to interrupt a chain 
reaction. It is now thought that the reaction chain 
in hydrocarbons follows the sequence of: hydro- 
» hydroperoxide — aldehyde — acid. This 
chain is interrupted at the stage of formation of 
hydroperoxide. The inhibitor is oxidized. to the 
aldehyde (b). This aldehyde can be produced by 
chromic acid oxidation of DBPC (4), or by oxidation 
with bromine in alcohol solution (7). It has been 
isolated by chromatographic methods from oxidized 
inhibited oil samples (4). 

Zwelling (8) has shown that DBPC-inhibited 
transformer oil decreases formation of sludge and 
maintains the transformer in better condition. Be- 
cause of this and previous work,‘ most of the elec- 
trical industry adopted inhibited oil for use in dis- 
tribution transformers. Use of inhibited oil in 
switchgear and circuit interrupting devices was 
started in January 1951. Recent studies on small 
distribution oil circuit reclosers (9) and on large 


carbon - 


4 Previous work done by Shell Oil Company. 
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breakers (10) have shown that 


there is no 


essential difference in behavior and size of carbon 


particles formed in inhibited and uninhibited oils, 


and that presence of inhibitor causes no apparent 


anomalies in performance of these devices. 


EXPERIMENTAL 


Oil samples to be arced were placed in standard 
production Model KYLE Type H_ oil circuit  re- 


closers. These reclosers had coil ratings of 5, 


50 amp. Varying conditions of 


voltage, 


25. or 


current, 


and power factor of the short circuit faults were then 


applied. Conditions chosen simulate extreme heavy 


duty field operation. 


In each series of experiments, one recloser was 


filled with uninhibited transformer oil drawn from 


a newly received tank car. The other recloser was 


filled 


with oil 


inhibited 


in the laboratory 


with 


crystalline DBPC. The same base stock oil was used 
for all samples. Concentration of DBPC was 0.3% 


by weight (common 
practice). 


Viscosity of oil 


concentration 


in comn 


ercial 


samples was measured using 
calibrated Ostwald-Fenske viscosity pipettes in 
constant temperature baths controlled at 37.8°C 
(100°F) and at 98.9°C (210°F). Densities were 


measured with a Leach pycnometer at 20°C. The 
pycnometer was calibrated at 20°C with distilled 
H.O and then corrected to absolute density (20/4°C). 


Refractive index 


measured with an 


The weight per 


and 


Abbe 


cent of 


refractive dispersion were 
refractometer at 20°C. 
DBPC was determined 


colorimetrically by reduction of phosphomolydbic 


acid to molybdenum blue (11). Molecular  yeigh;, 
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were measured by the cyroscopic method in 


or by viscosity-density correlations (12). Data fy 
various sample series were analyzed for carhy 
distribution and ring content by. the n-d-M method 
(13). These data, combined with viscosity index gy, 
specific dispersion data, give a picture of reactions 


which take place in the are. 


Fig. 1 is a plot of a series of 60 interruptions 4 
7200 volts, 490 amp, and 30% power factor, Thy 
recloser had a coil rating of 25 amp. In this and y 


subsequent cases, arcing time was approximately 


RESULTS 


to 1 cyele/interruption. 


tesults of this series of arcings show that ther 
a small but continuing decrease in aromatic cont: 
and an increase in naphthenic content. The alk 
carbon shows a decrease. These changes are seer 
both carbon distribution and ring content. It is 4) 
notable that the method is sensitive enough to sh 
the presence of the aromatic inhibitor (DBPC 


the inhibited oil. 


2 is a plot of a series of 64 arcings at 7 


Fig. 2 


volts, 700 amp, and 30% power factor in a reclos 
with a coil rated at 50 amp. In inhibited oil, the tre: 
is similar to results shown in Fig. 1, 


dispersion which is another measure of aromat 
content, for the series in Fig. 2. Here, the decreas 
for both samples indicates that the aromatic conten’ 
is decreasing in each case, 
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AND DISCUSSION 


that is, 

creased naphthenes and decreased aromatics «i 
paraffins. However, the uninhibited oil appears | 
show just the opposite behavior. Fig. 3 shows speci! 
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\ series of four reclosers having 5-amp coils was 
prepared for studies of oxidation stability of oil. 
lwo of these had inhibited oil and two had unin- 
hibited oil. A total of 20 interruptions at 13,200 
olts, 100 amp, and 30% power factor was _per- 
formed 
Table | shows the results of these conditions on 
irbon distribution and ring content. 

lhe only statistically significant changes are in 
decreased aromatic content and increased naphthenic 
ontent of the inhibited oil, and decrease in par- 
ifinie earbon of both oils. Decrease in aromatic 
ontent of the inhibited oil might be interpreted as 
nhibitor destruction. However, this was not found 
to be the case. 

\ 50-amp coil recloser was filled with an inhibited 
il and arced 40 times at 7200 volts, 705 amp, and 
30% power factor. Samples were drawn at 0, 


Y, 


20, and 40 operations. Table II presents results of 
this series. 

Inspection of data presented indicates that the 
following changes occur when transformer oil is 
arced in a circuit recloser: aromatic content is 
decreased, alkyl chains are broken, and _ viscosity, 
molecular weight, and viscosity index are decreased. 
These changes are in addition to formation of 
carbon, hydrogen, and hydrocarbon gases from 
complete breakdown of the oil. Cracking of oil to 
gaseous hydrocarbons, hydrogen, carbon, and 
acetylene polymers has been described by Salzer 
l4 

These changes are consistent with what would be 
expected in a thermal cracking process. In thermal 


‘racking, side chains are cleaved, aromatics are 
reduced to eyeloalkanes, and cycloalkyl rings may be 
brok \s the temperature of the thermal cracking 
pro is raised, another phenomenon occurs. 


tics are produced at the expense of saturated 





INHIBITED TRANSFORMER OIL IN AN ARC 


TABLE I 


No. of in 


terruptions Oil sample 7o CA 1% Cn | %CrP Ra Rn 
0 Inhibited 12.6 | 40.0 | 47.4 | 0.42 | 1.71 
20 Inhibited 11.3 43.0 | 45.7 | 0.37 | 1.79 
0) Uninhibited 11.2 | 42.1] 46.7 | 0.37 | 1.81 
20 Uninhibited § 11.6 42.7. 45.7. 0.38 | 1.78 
% Ca = % aromatic carbon; % Cy = % naphthenic 
carbon; % Cpe = % paraffinic carbon; Ry = number of 
aromatic rings; Ry = number of naphthenic rings. 
TABLE II 
No. of oa p 
inter 7o Ca | Go Cn o Cp | VI° ny qd, M? pBPCS 


ruptions 


0 12.3 12.8 4.9 73 9.09 0.8869 267 0.30 
0 12.0 3.7 14.3 67 | 8.93 | 0.8873 | 264 | 0.31 
10 11.5 | 44.7 | 43.8 | 45 | 8.89 | 0.8884 | 260 | 0.32 


* Viscosity index. 
+ Centistokes at 37.8°C (100°F). 
t Cryoscopic 


§ All +10%. Differences here not significant 


molecules. The same thing happens in catalytic 
cracking, although the process is more selective and 
operates at a lower temperature. 

From these considerations and from data pre- 
sented above, a series of equations may be written to 
describe a portion of what happens to transformer oil 
in an are. These equations make use of a so-called 
“average molecule’? which merely represents ap- 
proximate composition of the transformer oil. 

Current theories of the composition of petroleum 
indicate that above the gasoline range, ring com- 
pounds are present primarily as 6-membered fused 
ring systems, with aliphatic side chains (13). In 
transformer oil, wax-free crudes are used, so there 
are no free paraffins present. Aromatics are thought 
to be part of a fused ring system along with naph- 
thenic rings, rather than free (15). With these factors 
in mind, the following equations can be written: 


C,His — C + (CGH): + He (1) 
+ CH, + C2H: + C2Hy, ete. 
f \ 
-| | | R+ Hy + Crete. (ID) 


R < CoH 


Cy Hy 9 ” CoH 9 (111) 


R + H. + C,ete. (1V) 
R < CoHy 









Orientation and number of alky! side chains is not 
specified, but, probably the chains are present in one 
long unbranched alkyl group. This is indicated from 
viscosity index and viscosity data. If there were 
more than one chain or branched chains, a lower 
viscosity index would be expected (13). 

These equations lead to certain expected results. 
If equations (II) and (IV) are true, the molecules 
would become more spherical in shape. This would 
result in an increase in density and a decrease in 
molecular weight, viscosity, and viscosity index. 
All these have been shown experimentally. 







































































Analysis indicates that there is no specific de- 
composition of DBPC in the arcing process. The 
phosphomolybdate method for determination of 

















DBPC (11) is not specific but is characteristic of all 
cresols. However, it was found that alkyl cyclo- 
hexanols did not react in the phosphomolybdate spot 














test (6). To check further the possibility that some 
side chains might be cleaved from DBPC by the arc, 
thus destroying much of the antioxidant character 
(4), paper chromatograms were run on arced oil 
samples. With Whatman No. | paper, butanol 


saturated with ammonia served as a developing 


< 















































solvent for ascending or descending chromatograms. 
In this system, the R, value of phenol is 0.78; of 
p-cresol, 0.31; of 2-tert-butyl-p-cresol, 0.2; and of 
DBPC, 0.00. No compound other than DBPC was 
found in the developed chromatograms, using a 1 % 



































phosphomolybdie acid solution in methanol as a 


< 








spray reagent, followed by exposure to ammonia 
vapor for five minutes. It is, therefore, reasonable to 
conclude that, within the limits of detection, DBPC 
is not preferentially destroyed by arcing. 





























Further studies are in progress to determine more 








specific information about the effects of are energy 
on cracking of transformer oil in an arc, on the effect 








of repeated arcing for a prolonged period, and on 
fractionation of arced oil. 
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CONCLUSIONS 

1. There is no essential difference in the 
decomposition of uninhibited transformer oj] pq 
transformer oil inhibited with 0.3% by weight 9 
2 ,6-di-tertiary-butyl-para-cresol. 

2. Decomposition of transformer oil by arcing 
similar to thermal cracking. The process is charg. 
terized by side chain cleavage, hydrogenation ¢j 
aromatics, and formation of the decompositio, 
products carbon, acetylene polymers, hydrogen, ay, 
hydrocarbon gases. 

3. There is no preferential destruction of the jp. 
hibitor by arcing. 


rath (Ot 


Any discussion of this paper will appear in a Discuss 
Section to be published in the December 1954 issue of {| 
JOURNAL. 
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ABSTRACT 


The following manganese-activated fluorides were found to exhibit efficient cathodo- 
luminescence: NaZnF;, KZnF;, KoZnFy, NaMgF;, KMgF;, K2MgF,, CaF 2, KCaF;, KCdF;, 
and the solid solutions formed between CaF, and AIF;. With MgF, and ZnF>2, AIF; was 


found to be only a diluent; with CaF», however, three compounds, 2CaF,- AIF;, CaF 2: AIFs, 
and CaF,-2AIF;, were discovered, the first having a peak emission at 5380 A and the latter 


two at 525 


. 
« 


0 A. Emission of Mg and Zn compounds containing K or Na was almost identi- 


cal with that of the original MgF, and ZnF,. Although CaF.:Mn has an efficient green 
and CdF,.:Mn a weak green emission, their K-perovskites show strong yellow-orange 


emission. From the above results, a hypothesis is advanced relating a coordination 


number of six for the divalent cation in fluorides to orange emission, and a coordination 


number of eight to green emission. 


INTRODUCTION 


\langanese-activated fluorides of zinc, magnesium, 
ud zinc-magnesium have been investigated previ- 
sly from both practical and theoretical viewpoints. 
Because these fluorides have predominantly ex- 
ponential decay, they have been used in cathode ray 
tubes designed for applications such as radar and 
oran requiring long-persistence phosphors (1, 2). 
[hey have also been used by Williams and co- 
vorkers in the formulation of basic concepts of the 
uminescence process (3-6). 

Other manganese-activated fluorides have re- 
eived secant attention. Calcium fluoride is a possible 
exception, although even it has not been studied 
i any systematic fashion. The only positive state- 
ment found in available literature was that 
CaF.:Mn has a green cathodoluminescence (7). 
lherefore, a program was begun to determine whether 
fluorides other than zine and magnesium could be 
ellectively activated by manganese. 

Fluorides of the alkali metals are poor phosphors, 
probably because of ion charge differences. There is 
a lack of suitable sites at which the manganese ions 
can funetion as activators. Manganese activation 
ilso failed to produce luminescence in the fluorides 
of strontium and barium. It produced only an in- 
eficient luminescence in cadmium fluoride, probably 
because the ions in these structures are too large to 


! 
it? 


¢ replaced effectively by manganese. Perovskite- 
‘ype fluorides of the class M'M"™F;, on the other 
hand, were found to be excellent base matrices. 
pectral energy emission characteristics of this class 
of fluorides led to the formulation of a new hypoth- 
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esis concerning the role of manganese as an acti- 
vator (8). 

Compounds and solid solutions of aluminum 
fluoride and alkali or alkaline earth fluorides were 
also investigated. The combination of aluminum 
fluoride and calcium fluoride was the only combina- 
tion which gave efficient phosphors. An x-ray in- 
vestigation of this system led to the discovery of 
hitherto unreported compounds of AIF;—CaF». 


PREPARATION OF PHOSPHORS 


All the simple fluorides were prepared in platinum 
vessels by reaction between excess C.P. HF. or 
(NH,)2F2 and purified carbonates or oxides of the 
requisite cation. The slurry was carefully evaporated 
to dryness and then baked at 500° C to decompose 
any remaining acid or ammonium fluorides. Man- 
ganese fluoride was added to the simple fluorides 
(or, in cases where complexes were to be formed, to 
the suitable combination of the simple fluorides) 
in the amount of 1 mole %/mole of base matrix. 
Mixtures were then dry ground in a mortar and 
fired in either carbon crucibles or platinum crucibles 
surrounded by carbon to prevent oxidation. Firing 
temperature depended on the melting point of the 
final compound. For compounds melting above 
1000°C that temperature was used; for compounds 
melting below 1000°C, the firing temperature was 
50° below the melting point. All mixtures except 
those containing CaF.—AIF; were fired for two 
half-hour periods and were ground between firings. 
CaF.—AIF; mixtures were fired for three half-hour 
periods. 


TESTING OF PHOSPORS 


X-ray diffraction analyses were made _ with 
nickel-filtered radiation from a copper-target tube 
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ganese-activated zine fluoride, magnesium fluoride, and 
their alkali fluoride perovskites. 


operated at 40 kv and 15 ma. Phosphor samples 












were rotated within a circular camera 14.32 cm in 
diameter. 

emission 
spectra were determined with a defocused electron 


Cathodoluminescence efficiencies and 
beam having a current density of 1.5 wa/em? and an 
accelerating potential of 8000 volts. Peak efficiencies 
and spectral distribution of energy were measured 
by the spectroradiometer and method described 
by Hardy (9). 





SIMPLE FLUORIDES 







The cathodoluminescence of the manganese- 
activated alkali fluorides and aluminum fluoride was 


of such low order that accurate readings were not 





possible. Because of differences in ion size and 








charge between these cations and manganese, the 
manganese probably cannot be built into the lat- 














tice in the proper manner to form active centers. 
lon-size 








differences alone probably 





prevent the 
fluorides of 











effectivent activation of 





beryllium, 
strontium, and barium by manganese. No accurate 




















data could be obtained for any of these mixtures. 








Manganese-activated zinc, magnesium, and zine- 
magnesium fluorides 








have been thoroughly de- 
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scribed (1-6). 







Their spectral-energy peak js 
proximately 5900 A, as shown in Fig. 1, 
Calcium and cadmium fluorides are not 


a})- 


SS We 
known as the zine and magnesium fluorides. (). 


currently with the work described in this artic) 
Ginther (10) was investigating properties of caleiyy 
fluoride activated by cerium and manganese, [p. 
sults given here concerning the peak and shape of 
the spectral energy emission curves are in substantis 
agreement with his results. The peak value 
1950 A for calcium fluoride activated with 1 mole 

manganese checks reasonably well with Ginther. 
value of 4900 A for this concentration. CaF »().0) 
Mn is a moderately efficient phosphor having 30 

of the efficiency of ZnF.:Mn. The spectral ener 
emission curve for this mixture is shown in Fig 
!. Its persistence is the shortest of all the fluorides 
although exact data are not yet available. CdF,:0) 
Mn is a very poor phosphor; its efficiency is only | 

of that of zine fluoride. It has essentially the san 
spectral energy emission characteristic and_ peal 
emission as calcium fluoride. 


FLUORIDE PEROVSKITES 

Structural Considerations 
The perovskite structure is one in which lary 
or F form a elos 
packed arrangement with smaller cations in 


cations together with either O 


interstices of sixfold coordination. A definite : 
lationship must exist between the ionic radii of t! 
ions in order that this structure be formed. | 
fluorides, this relationship is expressed by the equ 
tion 


rM! + rF- = tV2 (rM" + rF-) 


where ¢ can have a value between 0.8 and 1.0 (llu 
The large ions M‘ and F~ form a close-packed « 
rangement with the smaller M" ions in the inte! 
stices. The M" ions are surrounded by six F 

octahedral configuration. Substitution of the values 
of the ionic radii of Li, Na, K, Mg, Zn, Mn, Cd, anc 
Ca in their proper places in the above equatio 
indicates that Li should form no complexes at 4 
Na should form a complex with Mg, Zn, or M 
but not with Ca or Cd, and K should form com 
plexes with Mg, Zn, Mn, Ca, or Cd. All theoretical) 
possible structures have been prepared in the labors 
tory except those of manganese, which were 10! 
tried. occurred wher 
impossible. Potassiu! 
perovskites of Mg, Zn, and Ca have been reporteé 
previously and diffraction patter 
published (12). NaF- Mel. ha 
also been investigated and was found to have 

melting point of 1030°C (13). Although Nak Znk 
and KF-CdF, are predicted by the above equ tio! 


formation 
indicated it was 


No compound 
theory 
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they hove not been reported previously. These 
»ompou ids were made, and were found to have x-ray 
jifraction patterns typical of the group. 

\nother complex fluoride, K2MgF,, has also been 
reported (14). Although the diffraction pattern of 
‘his fluoride is available (12), its exact crystal 
sructure has not yet been determined. The previ- 
sly unreported zinc analogue, K.ZnFky, was also 


prepar 


d, and was found to have an x-ray diffrac- 


(ion pattern very similar to that of the magnesium 


ompound, Caleium, however, did not form this type 


structure; x-ray diffraction patterns of a fired 


mixture 


showed 


» containing 2 moles of KF per mole of CaF, 


only the lines of KF and KCaF;. 


Spectral-Energy Emission Characteristics 


The 


perfect and near-perfect coincidence — of 


athodoluminescent spectral-energy emission charac- 
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teristic of these perovskites, illustrated in Fig. 
2? and 3, and Table I, is of major interest. The 
spectral NaF -ZnF 5», 
KF: ZnFs, and MgF», are identical within experi- 
mental error; each mixture in the pairs NaF - MgF, 


KF: MgF., KF-CaF.—KF-CdF., and 2KF-ZnF, 


energy emission curves of 

















2KF- MgF, differs from the other mixture in the pair 


vy less than 50 A. Within the group of compounds 


formed in the system 


NaF 


KF 


Znk. MeF,, 


the maximum difference in peak of emission is only 
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manganese-activated potassium-fluoperovskites of calcium 
and cadmium showing the almost coincident spectra. 


TABLE | lengths (A) 


phosphors formed from compounds shown in left vertical 


Wave of peak spectral emission of 


column in combination with compounds shown in top 
horizontal line 
NaF KF 2KF AIF; 
MgF, 5920 6080 6000 6100 5920 
Znk, 5870 5920 5920 6070 5870 
CaF, 1950 5020 5710 5710 5250 
CdF, 1950 5720 5720 


230 A, with zine fluoride at one extreme at 5870 A 
and 2KF-MgF, at the other extreme at 6100 A2 

The difference of 750 A in the spectral energy 
peak between CaF, or CdF, (4950 A) and KF-CaF, 
or KF-CdF, (5710 A) is also important. It is in 
sharp contrast to the much smaller shifts in the 
perovskite complexes of ZnF, and MgF». The shift 
caused by the addition of sodium fluoride to calcium 
fluoride is less than 100 A, as shown in Fig. 4. This 


2? One of the reviewers has called attention to the work 
of J. T. Randall, [Proc. Roy. Soc. London, 170A, 272 (1939) | 
on the low temperature cathodoluminescent spectra of 
manganese halides. At 90°K, the peak emission occurred at 
6285A for the fluoride, 6860A for the chloride, and 6330A 
for the bromide. Randall concluded that the red fluorescence 
is a property of all the manganese ions in the crystal, with 
the transitions of the forbidden type (2E — 4F) charac 
teristic of the divalent manganese ion. In all cases man 


ganese occurs in sixfold coordination. 
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relatively small shift confirms the observation that 
sodium fluoride forms no definite perovskite struc- 

















ture such as that formed with potassium fluoride. 





As shown in Fig. 3, the spectral energy emission 
characteristics of KF-CaF, and KF-CdF, do not 
differ by more than 25 A. This small change indi- 
cates that precisely the same mechanism caused 




















the shift for both the calcium and cadmium com- 
pounds. 




















Efficiencies 








Table II gives the relative peak efficiencies of the 
various fluorides. The peak efficiency of zine fluoride, 
the highest of all the fluoride efficiencies, has been 
used as the standard to which all the others are 























related. Most of the phosphors containing alkali 











TABLE IL. Relative peak spectral emission efficiencies (%) 








of phosphors formed 



































NaF KI 2KF AIF; 
MeF, 54 24 11 20 10 
ZnF, 100 61 100 53 2 
CaF. 30 3 20 4 5O 
CdF, l 0 15 6 l 
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TABLE IIL. Emission color and relative peak effic 
inefficient phosphors containing alkali fluori: 


Compound Color Relative peak 
efhiciency (Z 


LiF- AIF; Orange-yellow l 
3LiF- AIF; Yellow-green l 
NaF - AIF; Blue-green | 
3NaFkF- AIF; Blue-green 2 
NaF -2AlF; Yellow-orange l 
5NaF-3AlF; Yellow-green 5 
KF -2Al1F; Orange-red l 
LiF-CaF, Green 2 
LiF -CdF, Blue-green ] 


fluorides are less efficient than those free from alk,|i 
fluoride, with two exceptions. The compound k} 
ZnF >. is as efficient as ZnF, itself, and KF-Cd| 
shows a considerable improvement in efficiency oye; 
CdF,. The probable reason for the difference } 
these two mixtures is treated later. 


FLUORIDE PHospHors CONTAINING ALUMINUM 


There is a considerable number of compound 
which contain alkali metals, aluminum, and fluorin 
as shown in Table III. None of these produced 
efficient phosphors when manganese was used 
an activator. The disparity in size and charge |x 
tween manganese ions and alkali or aluminum ions 
is probably the reason why manganese could noi 
effectively substitute in these structures. Ther 
was, however, enough weak but definite lumines 
cence to indicate that some manganese was i 
corporated, and that the nature and concentratio: 
of the alkali ion were the main factors in the color 
of the emission. 

Fluorides of zinc and magnesium form onl 
limited solid solutions with aluminum fluoride, bu! 
form definite compounds with alkali fluorides 
Addition of aluminum fluoride to zine or mag 
nesium fluorides merely decreases the efficiencies 0! 
the simple fluoride phosphors without causing an) 
shift of peak emission. The effect of aluminum 
fluoride is less drastic on the magnesium fluond 
phosphor than on zine fluoride. In a 50-50 mole ' 
mixture, the reduction of efficiency is only 20' 
for magnesium fluoride, but 80% for zine fluorid 
as shown in Table Il. X-ray diffraction analyses 0! 
ZnF,-AlF; and MgF,-AlF; show the presence 0! 
both original components. There is some distortio! 
of the AIF; structure, but little or no distortion 0! 
the magnesium or zine fluoride lattice. Results 
differ only slightly for variations about the 50-50 
mole % composition. 

Addition of aluminum fluoride to calcium fluorid 
produces different results, as shown in Table I\ 
and Fig. 4. Within this system at least three com- 
pounds, or phases, are found, as well as solid -olt- 
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TABLI Emission color and relative peak efficiencies of 
series of calcium-aluminum-fluorides 


Relative 
, peak 
M mm position Peak emission (approx) (A efficiency 
(ZnF2 
100 
Cal 1950 30 
0.9 Cal 0.1 AlF 1950 and 5250 30/30 
(two bands) 
8 CaFo—O.2 AIF 1950 and 5380 15/32 
(two bands) 
0.7 CaF,—0.3 AIF; 5380 35 
0.6 CaF.—0.4 AIF; 5380 15 
05 CaF 0.5 AIF; 5250 5O 
3 Caks 4) 7 AIF, 5250 35 
).2 CaF.—0.8 AIF; 5250 20 


‘ions. It is not yet possible to assign unambiguous 
stoichiometric ratios to the various phases, but a 
vasonable approximation can be made. Correlation 
i the spectral distribution data with x-ray diffrac- 
tion data indicates that three compounds are 
present in the system, having the following spectral 
distribution characteristics and identifying lattice 


spacings: 
Peak ‘ 
’ Compound emis Lattice spacing (d values in A 
sion 
ot 2CaF,- AIF; 5380 | (3.5), 2.90, 2.75, 1.87, 1.83, 1.74, 1.76 
t CaF,- AIF 5250 | (3.5), 3.25, 2.80, 2.00, 1.82 


2.80 
CaF,-2AlF; 5250 | (3.5), 3.20, 2.80, 1.98, 1.81 


Interpretation of these data is difficult because of 
ihe probability that some lines are common to more 
than one phase, and because one line at 3.5 is com- 
mon to all phases as well as to AIF; itself. There is 
0 doubt, however, that the phase which emits at 
80 A can be distinguished by the unique lines at 

alues of 2.90, 1.87, and 1.83, and that the 5250 A 
mission is associated with a phase uniquely de- 
termined by d values of 3.25, 2.80, and 2.00. The 


“ third phase has lines very similar to those of the 
7 previous phase (d = 3.20, 2.80, 1.98) and also emits 
it 0250 A. It is possible, therefore, that this com- 


pound is not a unique phase but a solid solution of 
Caky- AIF; with AIF;. However, the lack of gradu- 
ition of this slight, but very definite, shift, and the 
existence of the shift even in very large discernible 


, excesses Of AIF; make it probable that a definite 
, phase does exist having a crystal configuration very 
te imilar to the CaF.- AIF; compound, 
7m The freezing point diagram of CaF,—AIF,—NaF 
‘)) is in rough agreement with these findings. A 
\ *ulectic was reported at 62.5 CaF,—37.5 AIPs. 
\ Here, « compound formation was hypothesized at 
. "7 CaF,.—33.3 AIF; (2CaF.-AIF;). Between 
a ‘ils euteetie point and the composition 42.5 CaF, 
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57.5 AIFs;, the curve for CaF.—AIF; 
two very minor peaks at 52.5 CaF, 
and 47.5 AIF; and 47.5 CaF.—52.2 AIFs. 
In this region, a new “‘phase” called CaF,.- AIF; 
was found. Fedotieff and Iljinsky (15) did not in- 


vestigate concentrations beyond 57.5 mole % 


NaF shows 


17.5 AIF; 


AIF;; they said such concentrations were in an 
“unrealizable’” or “indeterminate” region. At a 
concentration of 80 mole % CaF. and 20% AIFs, 
they were also unable to determine a freezing point. 


’ 


Laboratory analysis of this concentration indicated 
that there were two phases coexistent—CaF, and 
the “2CaF,.-AlF;” phase. It is hoped that a careful 
study may be made in the future of the melting 
point, x-ray diffraction pattern, and spectral energy 
emission characteristics of this binary so that the 
system may be positively defined. 


DISCUSSION 

The crystal structure of all simple fluorides has 
been determined previously and may be found 
summarized in various publications (11b, 16). 
Both calcium fluoride and cadmium fluoride are of 
the fluorite (CaF.) structure, in which each cation 
is surrounded by six fluoride ions. The fluorides of 
zinc, magnesium, and manganese are classed in the 
rutile (TiO.) structure, in which each cation is sur- 
rounded by six fluoride ions. Aluminum fluoride 
crystallizes with a symmetry close to that of the 
rutile type, each aluminum ion occupying octahedral 
holes formed by close-packed fluoride ions. The 
perovskite-type structure has been described pre- 
viously ; the divalent cation in this type is surrounded 
by six fluoride ions. 

The coordination number of the divalent cations 
may explain the almost negligible influence of the 
alkali ions on the spectral energy emission charac- 
teristics of zinc and magnesium fluorides and the 
pronounced shift of emission characteristics pro- 
duced with calcium and cadmium fluorides. Zine 
and magnesium are in sixfold coordination in both 
their simple fluorides and in perovskite complexes. 
Calcium and cadmium, on the other hand, are in 
eightfold coordination in their simple fluorides, but 
in sixfold coordination in their potassium perovskite 
complexes. It appears that in fluoride structures, 
therefore, substitution of manganese into a sixfold 
coordination structure produces a spectral energy 
emission in the orange region, and substitution in an 
eightfold coordinated structure produces emission 
in the green region. This hypothesis is analogous 
to that of Linwood and Weyl (17) for oxygen- 
dominated structures, in which green emission is 
attributed to fourfold coordination and red emission 
to sixfold or higher coordination. All the spectral 
energy emissions in the orange region of fluorides 
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occur in sixfold coordinated structures, while the 
two in the green region are in eightfold coordinated 
structures. When the coordination structure of 
calctum is changed from eightfold to sixfold, the 
emission shifts 750 A toward the orange region. 
Cadmium shows a similar shift, and also produces 
an efficient perovskite phosphor, although its simple 
fluoride is poorly efficient. Reduction in size of the 
holes in which manganese can substitute probably 
permits a more efficient energy transfer. 

Addition of sodium fluoride to calcium fluoride 
does not produce new compounds, but only solid 
solutions. The spectral energy emission curve is 
broadened and the peak shifted slightly by about 
100 A. Efficiency is decreased by 90%. 

Little can be said about the CaF.—AIF; com- 
pounds, because nothing is known about their 
crystal structure. From conclusions reached on a 
hole-size-and-coordination theory (8), it can be 
hypothesized, however, that in these new com- 
pounds calcium remains in eightfold coordination, 


but its ionic radius is decreased. 
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Effect of Chain Branching on Electrochemical Carbon-Halogen 
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ABSTRACT 


As part of a continuing study of the electrochemical reduction of carbon-halogen 
bonds, a group of branched-chain a@-bromoalkanoic acids with several of their ethy! 
esters and straight-chain isomers were investigated polarographically. The relation be 
tween half-wave potential, £, 2, and pH for the acids follows an S-shaped pattern having 
pH-invariant regions in the alkaline and acidic ranges, F£; 2 in the latter region being 
considerably more negative. The E,/. values for the esters are pH-independent, being 
slightly more positive than those of the corresponding acids in the acidie region. Po 
larographie waves all involve a diffusion-coutrolled two-electron reduction. In the acidic 
region, the branched-chain acids are more easily reducible than their straight-chain 
isomers by 0.20 to 0.13 volt, the larger differences being observed for the lower molecular 
weight acids. In the alkaline region the situation is more complicated; all acids in the 





series having ethyl groups or larger in the a@ 
negative values. 


position have their £,,. shifted to more 


The trend of the variation of FE, with chain length is treated as the operation of 


three effects: (a) electrostatic effects which are important in the lower acids and esters; 


b) steric effects related to ring-formation, which become important in the higher acids 
and make reduction more difficult; (c) bulk effects which are responsible for the over-all 
trend of reducibility in the higher acids. Variation of 2, . with pH is discussed briefly. 
Two hypothetical mechanisms, ionic and free-radical, are compared on the basis of the 


structural influences developed by the data. 


INTRODUCTION 


Previous polarographic work on electrochemical 


irbon-halogen bond fission in a-halogenated alka- 


oc acids is reviewed in a study (1) of the straight 


hain acids. At all pH values, as chain length in- 


rt aSeCs, 


observed E),. decreases, there being one 


exception, bromobutanoic, in the alkaline region. 


lhe bond fission involves a two-electron reduction 


vith conversion to the corresponding saturated acid. 


1 


lhe effect of ethanol on /,. and diffusion current, 


, Is also discussed, as are the influences of structure 


ind inductive effect on the ease of reduction. 


For 
next vy 


ind ol 


several reasons, it seemed logical to inquire 
to the effect of branching of the carbon chain 
chain lengths on the ease of reduction. In the 
we, one objective of the systematic study of 


«hemical carbon-halogen bond fission is the 


useript received June 18, 1953. This paper was 
for delivery before the New York Meeting, 

to 16, 1953. 

\VI in a series on the polarographic behavior of 
ompounds, 


nt address: Rohm and Haas Company, Research 


ries, Philadelphia, Pennsylvania. 


possibility of defining a correlation between organic 
chemical reactivity of such bonds and polarographic 
half-wave potentials. Since both the chemical and 
electrochemical processes are usually irreversible, 
analogy between chemical reactivity and half-wave 
potential would be expected if both processes in- 
volved the same essential reaction pattern. Ob- 
viously, in any attempt to ascertain whether the 
electrochemical process is a displacement reaction 
or a free radical process, the structural factor of 
branching is important. 

The behavior of 2-bromobutanoic acid in the 
previous study (1) was considered anomalous. The 
authors felt, however, that an attempt should be 
made to determine whether this anomaly was more 
general, and if so, whether some pattern underlay 
its occurrence. This represents a further reason for 
extending the study to the branched acids. 

Another matter which required further investi- 
gation is the consistently observed and repeatedly 
verified result (1-8) that, for a-haloalkanoic acids, 
Ey. varies with pH in an S-shaped pattern. This 
behavior has never been satisfactorily explained on 
a quantitative basis, although related phenomena 





















TABLE | 


Temp, 0°C; mereury head, 50 em. Diffusion coefficients were calculated from the Stokes-Einstein equation. n- 


Ilkovie equation is 2 
maxima. 


Ac id 


D X 10¢ | 


oer twenw 


9 
0 


* 0.01% gelatine w 


in other groups of compounds, e.g., the double wave 
in pyruvic acid, have been more or less successfully 
treated (9, 10). It is not clear at present whether the 
S-shaped curve requires merely a modification of 
some of these treatments or whether entirely new 
concepts are required. An attempt by Saito (11) 
to use a modification of Brdicka and Wiesner’s (9) 
approach to the problem is quite unsatisfactory. No 
completely satisfactory treatment of this matter 
formulated at Accordingly, the 
phenomenon of the S-shaped curve is given only 


can be present. 
brief attention in the present paper. 

Consequently, the behavior of 
(HH), (MH), 
2-bromobutanoic (EH), 2-bromo-2-methylpropanoic 
(MM), 2-bromo-2-methylbutanoic (ME), 2-bromo- 
?-ethylbutanoic (EE), and 2-bromo-2-ethy! hexanoic 
(BE) acids was investigated, the first three for com- 
parison with the previous study (1).4 In order to 
complete the work, the ethyl esters of five of these 
acids were also investigated. 


polarographic 


bromoethanoic 2-bromopropanoic 


EXPERIMENTAL 


Kxperimental conditions differ somewhat from 
those of previous work (1-3). The following buffer 
systems, adjusted to an ionic strength of 0.5), 
used: HCl—KCl (pH 1 to 2), HC,H,O, 
NaC.H,O. (pH 4to6), and NH;—NH,C1 (pH 8to9). 
The operating temperature was 0° + 0.1°C; the 
test solution contained 9.5% ethanol by volume; 


were 


‘For brevity and clarity, the various acids will be 
subsequently referred to through the use of the abbrevia 
tions indicated. These consist of the initial letters of the 
substituents, other than bromine, on the alpha carbon atom, 
i.e., H is hydrogen, M is methyl, E is ethyl, etc.; in the case 
of the ethyl esters, Et will be prefixed, e.g., EtMH is ethyl 
2-bromopropionate 
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2 in all cases. Concentration of bromoacid ran from 0.1 to 0.7 mM; lower values were used t 


as used in this solution to eliminate maxima 
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Polarographic data for straight and branched chain 2-bromoalkanoic acids, Cy to Cy 


iue fron 


limingt, 









the mercury head was 


50 em. To determine tly 
nature of the current-controlling processes, temper 
ture coefficients for i, were found by making sup. 
plementary measurements at 25°C. Likewise, sy 


plementary measurements at 75 em mercury head 


allowed computation of current ratios for different 
values of drop-time. The capillary (Corning mar 

barometer tubing) had a drop-time of 5.94 see a 

an m-value of 1.071 mg/sec at open circuit in distil|; 
water (50 em, 0°C). A Sargent Model XXI Pola: 

graph was used in connection with a Leeds a 

Northrup student-type potentiometer. All potential 
given are corrected for 7R drops and are referred | 
the 8.C.E. Beckman Model G and H pH meter 
were used to measure pH. In view of the 95 

ethanol content of the test solutions, strict int 

pretation of the pH values is unwarranted; 3 

cordingly, pH values are given to only one decim 
place in the summary table (Table I) even thoug! 
measured to +0.02 pH units and so reported in tl 
primary data tables which are available from th 
authors. 

MM, EE, EtBe, EtEE, and EtMM were obtained 
from Sapon Laboratories. EtEH, EtMH, Hil 
MH, and EH were Eastman Kodak white lal 
grade chemicals. ME and BE were synthesized 
No special attempt was made to purify these con 
pounds, except for ME and BE which were puriie¢ 
in the course of their synthesis. The former distilled 
at 104°-107°C/S mm; the latter at 100°-101°C- 
mm. All compounds were found to be polarograph 
cally pure. 

Test solutions were prepared by diluting a 5-™ 
portion of stock solution, containing a known 0! 


centration of the compound in 95% ethanol, " 
50 ml with buffer solution. All stock solutions wer 
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95 = 
p prepared at 0°; stock and buffer solutions were stored 
: , ; 
| at 0°. Concentration and pH values subsequently 
q given are those of the final test solutions. Solutions 
were deoxygenated with nitrogen, purified as de- 
> O_O ALKALINE REGION Ph, ; : oe me 
ON - scribed (2). Base solution (obtained by mixing 95% 
v mL, ' ethanol with buffer) curves were used in every case 
F to correct the test solution curves. 
© ° . ° . 
> 08 L Q Choice of operating conditions was governed by 
: 
¢ . 4 oO. the following factors: poor solubility of some of the 
P a = o compounds in water indicated the necessity for a 
2 04 L is. mixed solvent; use of ethanol and the proportion of 
3 } o oO ies 
I >. e ” 9.5% by volume were somewhat arbitrary, being 
my v O. ° . ene . 
- - ~D ploceta > agic ; 7 —T . 
< oo: ane { selected on the basis of solubility improvement 
00 i i l 1 » i l i and minimum £},. effect. At 25°C, the rapid hy- 
0 2 4 6 8 drolysis of some compounds, particularly in alkaline 
NUMBER OF CARBON ATOMS IN ACID : 
media, even during the relatively short period of 
Fic. 1. Relation « Bus 7 mem pengte of ae note for deoxygenation and electrolysis, resulted in curves 
ha bromo acids and their ethyl esters. Solid lines: acids; hl f lculet; his difficul 
tted lines: esters; dashed lines: data for acids in Worthless Tor calculation, this difficulty was ellec- 
teen: f0\. tively eliminated at 0°. 
TABLE II. Effect of structure on half wave potential for acids and esters 
’ Ey 
Acid Structure Ester Structure Ey 
Acidic region | Alkaline region 
Br 
| 
HH C—COOH 0.67 1.24 
Br Br 
MH C—C—COOH 0.54 1.20 ktMH C—C—COOEt 0.35 
Br Br 
! 
EH C.—C—COOH 0.48 1.22 ktkeH C:-—C—COOEt 0.34 
Br Br 
MM C—C—COOH 0.28 1.06 ktMM C—C—COOEt 0.25 
t 
C ( 
| 
Br 
MI C—C—COOH 0.26 1.03 
Ce 
| | 
Br Br 
} 
LI C.—C—COOH 0.22 1.08 ktkk C.—C—COOEt 0.21 
| 
| 
Ce | C2 
Br Br 
] 
| 
BI C,—C—COOH 0.15 0.80 EtBE C,—C—COOEt 0.14 
Ce Ce 
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TABLE IIL. 


Polarographic data for the esters of the 
2-bromo acids 


(Temp: 0°C; mercury height: 50 cm) 


Ester pH Ester conc Fy I 
mM V 

EtMH 1.07 0.108 0.348 1.82 
1.41 0.169 0.353 1.85 
8.60 0.169 0.368 1.70 
EtkH 1.07 0.112 0.336 1.83 
1.41 0.156 0.335 i.63 
8.60 0.156 0.340 1.85 
kt§MM 1.41 0.546 0.243 1.34 
9.00 0.109 0. 268 1.46* 
9.00 0.109 0.269 1.39* 
9.00 0.109 0. 268 1.43* 
EtkeE 1.41 0.509 ().212 1.48 
1.41 0.102 0.205 > O5t 
ktBkE 1.41 0.116 0.143 1.48 
* Maxima present even at this low concentration 


Distortion of wave makes these data less accurate 
+t The current values here are inexplicably high 
OBSERVED BEHAVIOR 


All the acids exhibited a sigmoidal variation of 
kh, » 


acid region below pH 2 and in the alkaline region 


with pH_ the curve having flat portions in the 


above pH 8; values of £,,. in these invariant regions 
are given in Table II and are plotted in Fig. | against 
the number of carbon atoms. Complete data for 
the acids are available from the authors and are 
summarized in Table I. Fig. 1 includes a similar 
plot for the straight chain 2-bromoalkanoic acids 
(1). the latter under 
somewhat different experimental conditions (temper- 


Since data were obtained 


ature difference and alcohol absence), the curve is 
displaced along the ordinate. However, the similarity 
in the trends of those acids covered by both sets of 
data (HH, HM, and EH) is such that a qualitative 
extrapolation may be made for purposes of com- 
parison. This plot and its interpretation constitute 
the basis of much of the subsequent discussion. 

In the acid region, the acids exhibit a continuous 
decrease in (negative) F,,. with chain length, Le., 
they become more easily reducible. However, the 
difference in £,,. between MH and EH is very much 
less than that between other neighboring pairs of 
acids. There is a sharp break between straight 
chain acids and their branched chain isomers, the 
latter being more easily reducible. Following this 
break, the trend is almost the same for both series. 

In the alkaline region, the situation is more com- 
plicated. In general, /),. again decreases continu- 

with both 
series of acids. The pattern of the decrease is not, 


ously increasing molecular weight in 








however, perfectly consistent. EH, ME, 
seem out of line; the latter, in particular. 


has an / 


This is responsible for a crossover in the « 
branched and straight-chain acids (even wh 
ance is made for the effect of differing exp 
conditions used in assembling data for eac] 
This crossover is not expected to be reversed. gj 


rtf 


’ 
o 
41/2 


value larger than both its n 
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the complexity of these curves has a straight{orway) 


explanation, which is subsequently discussed: 


this regard, it should be noted that the onset of tly 


complexity occurs at the point in the series at whic 


there is an ethyl substituent in the @ position, 


Temperature coefficients of 74 and current ratis 


upon variation of the drop-time (mercury hea 


agree closely with theoretical values consequent | 


diffusion-controlled 
Values of a [the empirical constant in the equati 


current-producing 


Processes 


for £2 (12)| vary from 0.6 or 0.7 in the acidic reg 
to 0.3 or 0.4 in the alkaline region. Diffusion currey: 


constants, /, 


are lower in the alkaline region tha 


in the acidic region, passing through a minimy 


in the intermediate region. 


The Ey,» 


values for the esters (Table II1) are 


variant with pH. Such slight variations as do oc 


can be attributed to the specific effect of the bufle 


systems used. Variation of ester F, 


» With number 


carbon atoms in the parent acid is shown in Fig 


The ester kh, ’ 


is in each case very close to FE 


the corresponding acid in the acidic region, b 


slightly 


le ‘SS 


negative. 


These 


results 


agree wit! 


previous observation (4, 5). The activating influenc 


of the carbonyl group on the carbon-halogen bond 


fission is emphasized by the fact that the 8-brom 


alkanoic acids and esters do 


not show 


reducti: 


within the observable potential range. It is interes 


ing that the slight difference between EtMH 4 


KtEH appears to reflect the situation for the c 


responding acids. 


Variations of /y/. 


indicate that 


" 
1.6., 


| YISCI SSLON 


at least three effects are operat 


data obtained can be explained only by 


action of all three and, in that sense, are evid 


for them. These effects are: (a) short range, elect! 


static effects; (b) steric effects involving those mo 


with pH and with chain lengt! 


cules which have an a@ ethyl or larger substituet! 


and (c) bulk effects (adsorption, orientation 


addition, there exists the important question 


mechanis 


m. 


Dependency of Ey» 


on pH 


| 
| 


Although a detailed analysis of the sigmoid re! 


tion between /y,. and pH cannot now be presentec 





| al. If 


certall 
discus 

[he 
polart 
haloge 
that 1 
s nol 
or al 
ails 
reduc 
pH-d 
the I 
reduc 
ts E 
ducih 
pH-d 


ross 
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vertain a-pects of the phenomena involved will be 
(discuss 

The appearance of only one diffusion-controlled 
larographic wave in the fission of the carbon- 
baloges bond in a-halo acids and esters indicates 
‘hat the kinetic process of acid-anion equilibration 
. not direetly rate-controlling. Consequently, one 
»y another of the following processes probably pre- 
ails. (4) Only one of the equilibrium forms is 
educible over the potential span used; its Fj). is 
»H-dependent. (B) Both forms are reducible, and 
‘he form reducible at the less negative potential is 
educed preferentially over the whole pH range; 
is Eye is pH-dependent. (C) Both forms are re- 
ducible and one or both of the forms have £,. 
»H-dependent; the separate curves of /),. vs. pH 
ross, Le., one form is preferentially reduced over 
ne end of the pH range, and the other form over 
the other end. (D) Both forms are reducible with 
pH-independent £2; the rising portion of the curve 
: due to some as yet undetermined feature of the 
ectrode process kinetics. 

It is highly probable that the more readily re- 
lucible form is the undissociated acid. Brdicka and 
Wiesner (9) made this assumption in the case of 
pyruvic acid; their mathematical treatment pro- 
luced calculated results in good agreement with 
the data. Secondly, the ethyl esters of the haloacids, 
vhich are more closely related to the undissociated 
wid form than to the anion of the parent acid, have 
pH-invariant £2 values very close to those of the 
cids in the acid region [Fig. 1, Table III (4, 5)}. 
lt is important in this connection to emphasize that 
the data on the esters indicate the fundamental 
phenomenon of carbon-halogen bond fission to be 
iself pH-independent; thus, the pH-dependence of 
ky» for the acids must be ascribed to other phe- 
omena, 


Electrostatic Effects 


Without entering into mechanism at this point, 
| appears that the initial decrease in Fj. in going 
irom HH to MH and the sharp drop in going to 
MM (and similarly with the esters) are best ex- 
plained by the electron drift from the alkyl sub- 
stituents, ie., by a permanent polarization effect. 
Such an hypothesis requires a tapering off of this 
eflect after one or two carbon atoms (13); this ex- 
pectation is contradicted by the data. Consequently, 
other effects must enter into the situation when the 
aulky! substituent is ethyl or larger. 

Using the data reported in this paper for the 
a-bromoalkanoic acids (with the exception of BE) 
at pli L.1, Taft (14) has been able to correlate 
Oe 
to th 


ues with polar substituent o-values similar 
developed by Hammett (15). The calculated 


p-value for this correlation is 0.397 + 0.012. How- 
ever, BE does not fit this correlation. Furthermore, 
the straight chain acids (1) do not correlate at all 
beyond the first three members, the deviations of 
the higher members being of such a trend as to indi- 
cate that /:). is becoming positive at too great a 
rate as the chain length increases. This and other 
attempts at similar correlation indicate that, if 
Taft’s parameters are indeed reflections of the polar 
character of the substituents, a polar effect cannot 
be used to explain the continuing trend of Fj). as 
the substituent size increases above that of ethyl. 

Branching has a very pronounced effect on /),» 
(Fig. 1). In the acidic region, the difference in 
reducibility between corresponding isomers in the 
straight and branched series varies from 0.20 to 
0.13 volt in going from the C, to Cs isomers. The 
difference appears to converge gently, indicating 
that higher branched acids would be more difficult 
to reduce; this is in accord with steric effects dis- 
cussed in the following section. In the alkaline region, 
the effect of branching is not so clearly delineated, 
although the effect is evidently present. 

The pronounced effect of branching in the acidic 
region is explicable on the basis of permanent 
polarization. The combined effects of two alkyl 
substituents on the same carbon atom will be much 
greater than the effect of one substituent alone. There 
is ample evidence to support this in the known 
lability of tertiary carbon atoms as compared with 
the secondary or primary carbon atoms. Elving and 
Westover (16) found the polarographic behavior of 
the butyl bromides to be in accord with the effects 
observed here, although the differences were not 
so striking. They find £,,2 values of —2.47, —2.44, 
and —2.35 volts for n-butylbromide, iso-butyl- 
bromide, and sec-butylbromide, respectively. 

Steric Effects 

It is proposed that the complexity of behavior 
encountered in the alkaline region has its source in 
the tendency toward stable ring formation found in 
compounds having chains of at least six members 
with terminal atoms differing in electronegativity. 
In each of the acids having a substituents at least as 
large as ethyl, there is a possibility of forming at 
least one ring of the form: 








q R ‘ 
C 
Br 
H—C—H C=O 
R (: H ( 
L H t 
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Such rings, if closed by a loose, nonbonding inter- 
action, would possess an augmented steric resistance 
to reaction; thus, the carbon-bromine bond would 
gain an increased stability toward fission. 

The trend of data supports this hypothesis. It is 
very obvious (Fig. 1) that EH, for example, possesses 
an augmented stability. Further, if one compares 
the /,,. values for MH and PH, it is seen that the 
difference is much less than that between PH and 
BH. Thus, the extra stability of EH must also be 
possessed by larger acids, or else all points after EH 
should have a more positive £),. value. It can there- 
fore be concluded from the data that all acids having 
ethyl substituents or larger have their £1. shifted 
to larger negative values. 

The concept of 6-number, devised by Newman 
(17) in elucidating rules for predicting the rates of 
certain acid-catalyzed esterifications, fits in well 
with this behavior. The 6-number is the number of 
atoms in the six-position on the acid chain if counting 
is begun at the carbonyl oxygen. Newman’s predic- 
tion, that the larger the 6-number, the larger the 
steric hindrance to reaction, is borne out by present 
data. In the straight chain series, the largest 6- 
number possible is 3, and the lowest molecular weight 
acid to possess it is EH. Consequently, it should be 
expected that EH, PH, BH, and higher acids would 
be relatively more stable than HH and MH,;; this is 
precisely the conclusion reached in the preceding 
paragraph. In the branched series, the 6-number 
values are: MM, 0; ME, 3; EE and BE, 6. Actually, 
ME is only slightly less stable than MM (Fig. 1), 
while EE, for which the 6-number doubles, has a 
greater (negative) Fy. 

Smith (18, 19), Berliner (20, 21), Dippy (22), 
and Evans (23, 24) have described similar behavior. 
Dippy’s work is of particular interest because of 
the close association of the compounds studied with 
those of the present work; he presents ionization 
constant values for saturated straight chain ali- 
phatic acids out to octanoic, and for certain of their 
branched chain isomers. There is a consistent de- 
crease in K,; among the straight chain acids except 
for the striking anomaly of n-butanoic acid, whose 
K ; is greatly in excess of the values for its neighbors 
in the series. The n-butanoic and the succeeding 

acids lie on a curve which is shifted to higher values 
of K, than expected, based on the first two acids of 
the series. In the branched series, diethylacetic and 
ethylmethylacetic show a similar shift. These are 
the parent acids of the very compounds found to 
show anomalies in the present work. 

To explain these phenomena, the authors cited 
have suggested formation of a cyclic six-member 
structure whose angles conform more closely than 
any other ring structure to the normal tetrahedral 
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bond angle for carbon. Stabilization of thi structysiamm electro 
is supposed to be effected by a loose che: rical «tion, | 
nection which is discussed in terms of hydroo, In di 
bonding (Dippy), hyperconjugation (Ber! ee). : Fr Albrigl 
resonance (Evans). Hunter (25), in a review ,, conflict 
hydrogen bonding, states that C—H—O h|onds ,,. mms due 
very weak, and are probably manifested only yyqjp, im appro? 
some directing influence; such bonds are very ig, fmelect! 
cult to detect. Nevertheless, even such a weak iy. A csr 
fluence might exert sufficient stabilization on 4, {ithe *" 
structure to produce the effects observed. Thys sorptio 
the data on the straight-chain acids (1), the ines from t 
ment of potential associated with the £,, hj ree el 
cited (EH) is, as a guess, about 0.1 volt, correspon onfirt 
ing to an energy increment for a two-electron process \dsorp 
of about 5 keal/mole; this is of the common) from 
cepted magnitude for many hydrogen bonds, FF vith | 
as can be demonstrated with models, can so dispoy the 
itself that the two possibilities for C—H—O bon rom § 
can be simultaneously realized, thus accounting {y oug 
its increased stability. he el 
Thus far, only the alkaline region has been dsor! 
cussed. The reason that EE, for example, does oner 
show as marked an interaction in the acidic regio sorptr 
as in the alkaline region is that in the anion ca is di 
boxylate group there are two oxygen atoms pos tactol 
sessing a negative charge; this is not so for the a this € 
carboxyl group, where only one uncharged oxyge! diffus 
available for closure. In general, the deviation fro: 
Newman’s rule of six in the acid region must be du 
to a near “saturation” of this one carboxyl! oxyg Eh 
A final proof of this interpretation of the shift grap) 
Ky. to more negative values would be the ful! fect 
ment of the prediction in the case of the Cs acids ols 
that di-n-P (a-bromodi-n-propylacetic acid; wes 
number = 6, where 4 of the 6-aloms are hydrog ~—s 
would have an F,> less than, but close to, that = 
BE (6-number = 6, where 5 of the 6-atoms are hydr natu 
gens). Certainly the £\,. would be greater than that stud 
of 2-bromo-octanoic acid. Furthermore, di-tso-!’ dith 
(6-number = 12) should have a value of /,,. mon ucts 
negative than that of BE, with iso-P-n-P somewhe: cord 
in between. a 
In concluding the discussion of steric effects, oll 
must be noted that B-strain (26, 27) may contribul _ 
to the effect of branching on /,., which has be wes 
discussed in a previous paragraph in terms of el , 
trostatic effects. -_ 
Bulk Effects | 
It has been shown how electrostatic effects a . 
cause an initial decline in Ey. with chain ‘engl 
and how the ring formation effect shifts the who! R. 
Ky. vs. chain length relation to more negall\' 
values. To explain the further decline of £, » wh ; 
the chain length has reached a point beyond whit! Rs 
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sjlectrostitie factors can cause no significant varia- [2] Sy2: 

ion, it is necessary to recognize other factors. B Br 

ion, . 


In discussing the straight chain acids, Rosenthal, 
\Ibright, and Elving (1) indicate that the apparent 
onflict with the concept of permanent polarization 
. due to the operation of such factors as ease of 
approach to, orientation to, and adsorption on the 
electrode surface. In particular, they consider that 
,dsorption may be the principal factor in causing 
the steady decrease in £,,. with chain length. Ad- 
wrption on mereury of the normal primary alcohols 
fom the vapor phase shows a regular increase in 
ie energy as Chain length increases (28). Further 
onfirmation is found in the fact that the ease of 
sorption of long chain acids, esters, and alcohols 
irom hydrocarbon solution onto metals increases 
vith chain length (29). If a similar situation exists 

the case of adsorption of the acids on mercury 
from aqueous solution, and if the adsorption is fast 
enough so that it is not the rate-determining step, 
the electrode reaction could take place within the 
sorbed film, and still reveal itself as diffusion- 
ontrolled. Thus, differences in the energy of ad- 
wrption would contribute to the potential, as well 
; differences in bond strength, in the acids; the 
factors may be related. It must be emphasized, in 
this connection, that data are consistent in indicating 
liffusion control. 


Mechanism 


Elucidation of reaction mechanism in a polaro- 
graphic process is extremely difficult. To be per- 
lectly satisfactory, it must assign, unambiguously, 
\ potential-determining step and a rate-controlling 
step to the proper chemical processes; these steps 
we generally masked by the current-limiting proc- 
ess, e.g., diffusion, as in the present case. The 
wature of the polarographic process makes rate 
studies impossible. It is often a matter of great 
difheulty even to determine the nature of the prod- 
icts with certitude. One can only assign steps ac- 
cording to various hypotheses and compare conse- 
juences with the data. The authors present the 
lollowing discussion in full awareness of the limita- 
lions of this method; the basis for and value of such 
treatment has been discussed (8). 

Three hypothetical 
described: 


reaction schemes can be 


li Sve 


By 
Ro Ce OOH 


electrode 


R,CCOOH + Br (i) 


interphase 


> Re-CCOOH (ii) 


H 
CCOOH + HO — R.CCOOH + OH? (iii) 


RCC OH + 2 


) 


9 


R. CCOOH ‘---—> RoC COOH! —-- 


clectrede 
complex 
R»CCOOH + Br (i) 
R, CCOOH + H.O — Re.CHCOOH + OH~ (ii) 
[3] Free radical: 


Br 


R,CCOOH +e — R-CCOOH + Br (i) 


‘ 5 H.O 
— ReCCOOH mad 


RoCHCOOH + OH (ila) 


Re CCOOH 


or 
H+ ite oR (iib) 
R.CCOOH +H —> R.CHCOOH 


There is actually little difference between the 
Syl and Sy2 mechanisms in this case, as the follow- 
ing considerations will show. In the description 
given of the Syl reaction, the electron-transfer step 
(ii) ought to be potential-determining, leaving aside 
for a moment the possibility of a contribution from 
adsorption energy. But if this were the case, it 
would be hard to justify, for example, the effect of 
branching; entry of reduction electrons would be 
made more difficult in the branched compound by 
the augmented electron drift to the carbon center. 
To restore agreement with the data, it seems neces- 
sary to assume that (i) is potential-controlling, which 
is unreasonable unless the electrons enter simul- 
taneously. But such a situation is exactly the transi- 
tion state described for the Sy2 mechanism. Thus, 
it is justifiable to speak of ‘the’ ionic mechanism. 

The ionic mechanism accommodates the data in 
the following respects. The slow step involves attack 
by electrons, so that it is potential-determining; 
moreover, there is simultaneous dissociation of the 
bromide entity, so that the carbon-bromine bond 
strength must be involved in the potential required 
for reaction. According to the electron-releasing 
properties of alkyl groups, bond strengths in the 
acids ought to decrease in the order HH > MH > 
EH > MM > ME; this is the order shown by the 
data, after allowance is made for the magnitude of 
the 6-effect. For the longer range decrease of /,» 
with chain length, it is necessary to include the 
concept of a contribution from adsorption energy, 
discussed in a previous paragraph. The 6-effect 
itself is clarified by this mechanism with its pro- 
nounced susceptibility to steric influences. 

The free radical hypothesis is even more satis- 
factory, and is considerably more popular (30, 31). 
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The isolation of dimer products (30, 32-35) is power- 
ful evidence for this mechanism. The potential- 
determining step in this mechanism may be as- 
signed to the introduction of the first electron, i.e., 
to step (i). This is reasonable because this step in- 
volves bond fission, and, as has been shown, the 
Kye values reflect the influence of carbon-bromine 
bond strengths. Further confirmation can be found 
in the work of Gardner (36) who studied the reduc- 
tion of benzophenone. Two _ diffusion-controlled 
waves appear in the acid region, each involving a 
one-electron reduction; the first wave is pH-de- 
pendent and the second is pH-independent, so that 
the waves merge as the pH increases. Gardner 
postulates a two-step free-radical mechanism for 
carbonyl group reduction, a radical being produced 
at the potential of the first wave and reduced at the 
potential of the second wave. This is completely 
analogous to the present case, except that the possi- 
bility for resonance stabilization in Gardner’s postu- 
lated intermediate, diphenylhydroxymethyl, is of a 
much higher order than in the case of the dialkyl- 
carboxymethyl. Consequently, radical destruction 
in Gardner’s case occurs in the acid region at a higher 
potential than radical formation. In the present 
case, step (iia) occurs immediately after step (i), 
the radical having poor stability at potentials 
requisite for its formation; consequently, there is 
only one wave. To explain the continuing decline 
of Ly. at longer chain lengths, the same adsorption 
phenomenon must be postulated as for the ionic 
mechanism. 
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ABSTRACT 


I:quilibrium data are presented for the reactions of Na + KCN, KCI + NaCN, and 
KOH + NaCN in the fused state. The latter two reactions were effected by a new ‘‘alloy 
bridge’’ technique which does not require direct contact of reactant salts. In this man- 
ner, potassium cyanide was obtained substantially free of anions other than CN~. Re 
action rate data are presented for reaction of KCl + NaCN by the ‘‘alloy bridge’’ 
method, and other possible applications of the method are suggested. 


INTRODUCTION 


Chemical equilibria between fused alkali metals 
d their salts have been extensively studied by 
ck (1) who established equilibria for the systems: 


KCI + Na @ K + NaCl (1) 
KOH + Na 2@ K + NaOH (11) 


Reactions (1) and (11) have been used for produc- 
1 of sodium-potassium alloys and metallic potas- 
im 
In such systems, fused metals form layers which 
float on top of fused salts. It is thus possible to have 
alloy layer simultaneously in contact with two 
«parate salt melts. For example, a vessel divided 
to two compartments by a vertical partition may 
used as a reactor to produce KCN from KCl and 
p\aCN. Fused KCI] is charged to one compartment, 
| fused NaCN to the other. Fused sodium metal, 
hich floats on the fused salts, is added until it 
vs toa level above the top of the partition to form 
bridge’ between the two fused salts (Fig. 1). 
(i the chloride side of the reactor, potassium metal 
s extracted from KCI and replaced by equivalent 
vodium., Potassium rapidly diffuses through the 
netallie layer to the cyanide side, where it displaces 
equivalent Na from NaCN to form KCN. This proc- 
ss ol exchanging K and Na between the two salt 
isions continues until chemical equilibrium is 
eached. The resulting melt of KCN—NaCN may in 
ke manner be reacted with a fresh batch of KClin a 
wecond stage of the process, and a further exchange 
' K and Na will oceur with resultant increase in 


ACN content of the cyanide melt. Similarly, chloride 
Feit trom the first stage may be reacted with fresh 
\aCN to achieve a greater utilization of KCI. 


his may be regarded as a double countercurrent 


Manuseript received May 5, 1953. This paner was 
repares for delivery before the New York Meeting, April 
-to 16. 1953 

















extraction in which the fused alloy replaces K with 
Na on the chloride side and simultaneously replaces 
Na with K on the cyanide side. Compositions of the 
alloy bridges in the several stages remain unchanged 
after the system has been brought to steady opera- 
tion, and no metallic Na or K is consumed by the 
process except for mechanical losses. Composition of 
the cyanide melt and chloride melt at their respective 
discharge ends can be controlled by varying the 
number of stages or the ratio of KC] to NaCN fed 
to the apparatus. 

It is evident that this technique is not limited 
to the application described, but could be used for 
exchange of alkali cations between hydroxides, 
bromides, iodides, chlorides, cyanides, or other 
suitable salts (2). Only salts which melt below the 
boiling points of the alkali metals and anions which 
are not readily reduced by alkali metals can be used. 


DiIscUSSION 
Equilibrium Studies 
Having Rinck’s data for the equilibria represented 
by reactions (1) and (II) above, it was only necessary 
to determine the equilibrium in the fused state for 
reaction (III) to be able to caleulate the equilibria 
for reactions (IV) and (V). 
NaCN + K 
= KCN + Na (III) 
NaCN + KCl 
= KCN + NaCl, AHw»s = 0.51 keal (IV) 
NaCN + KOH 
<= KCN + NaOH, AHoas = —5.65 keal (V) 
Assuming the law of mass action to hold, Rinck’s 
values for the equilibrium constants for reactions 
(1) and (II) may be expressed as: 
(NaCl) (Ix) 


“? — 09,087 at 900°C (VD 
(KCl) (Na) 
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INCHES 


Fic. 1. Apparatus 


and 
(NaOH) (K) 


: - 2 at 700°C (VIT) 
(KOH) (Na) 


where the quantities in parentheses represent mole 
percentages of the respective salts in the salt phase 
and respective metals in the metal phase. 

Experimental value for the equilibrium constant 
for reaction (III) (Table I and Fig. 2) is: 


(Na)(KCN) | 2 


- : - 8.7° at ca. 680°C. (VIIT) 
(K)(NaCN) a ee 


This value was obtained statistically, and the 90% 
confidence interval for the average constant for 
reaction (III) is 6.0-11.7. From this result and the 
values given by Rinck, constants for reactions (IV) 
and (V) may be calculated as follows: 
(Na) ~ (NaCN) : 
= = 8. a (LX) 
(Ix) (KCN) 
(Na 1 (NaCl : 
a) = — ———— (X) 
(K) 0.087 (KCI) 


values of the constant for reaction (III) gives an approxi 


mately normal distribution of “log C’’ values. The antilog 


of the average ‘‘log C’’ value then gives a measure of ‘‘( 
which is least affected by extreme determinations. 
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2 A logarithmic transformation of individually calculated 











Kquating (LX) and (X): 


(NaC) (KCN) 
(KCI) (NaCN) 







= 87 X 0.087 = 076 (y 








C 
fed , 80 
Thus, the calculated constant for reaction ([y 
approximately 0.76. A similar calculation gives , 
constant for reaction (V) of 17.4. 
These calculated constants indicate that reactiny. ii ag 





(IV) and (V) are favorable for the production 
KCN, using NaCN and either KCl or KOH. ». 
spectively, as raw materials. 




















The equilibrium constant for reaction (IV) yy 
checked experimentally and found to be 14 « 
compared with the calculated value of 0.76. Eqyj. 
librium was approached in all eases from the Na('\ 
+ KCl side. Experimental data are presented j 
Table Il. These data were analyzed statistically 
and the 90% confidence interval for the true yaly 
of the equilibrium constant is 0.9-2.0. 


























Fig. 3 shows a plot of experimental data and th 
spread covered by the 90% confidence interya! 






The equilibrium constant for reaction (V 


























checked at three points, starting in all cases fron h as 
the NaCN + KOH side. Reactions of K and Ki} I, ) 
dy 
TABLE L. Experimentally determined equilibrium for th ompar 
reaction K + NaCN = KCN + Na ental 
Mole % K Mole % KCN ; , “a ig 
in alloy in cyanide . Calculated log (* spond 
TA. 
Part 1: Points determined by analysis of allo Ltt 
stoichiometric calculation of cyanide composition om 
24.2 74.0 650-690 0.949 CN. 
15.7 81.0 650 1.360 
17.0 61.5 580-620 0.892 
10.8 83.5 650-700 1.621 
12.0 85.0 680-690 0).892 Heat 
11.0 38.0 650-670 0.046 rom 
10.8 56.2 520 1.025 
y ‘ : ABLI 
Part 2: Points determined by analysis of both phases 
2.0 39.8 600 1.511 
17.2 73.3 680 1.121 
7.8 60.9 660-675 1. 265 
16.0 90.6 640-660 1.053 Af) 
§2.3 90.5 650-680 0.940 pA 
3.5 23.2 740-770 0.919 pl) 
12.5 57.0 760-780 0.969 1s 
3.6 29.4 780-820 1.045 HY 
16.4 8.5 730-820 0.681 6] 
35.1 69.5 740-760 0.625 63 
1.4 21.9 620-440 0.785 5 
21.8 4.2 550-650 0.380 
80.2 96.3 620-660 0. S06 












Average 0.040 
C @: 
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~ (K)(NaCN)* 
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| — e's 8.7 
20 -—— 90% CONFIDENCE INTERVAL (6.0- 11.7) 


O= BY ANALYSIS OF METAL PHASE 
@-= BY ANALYSIS OF BOTH PHASES 
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2. Equilibrium data; K + NaCN = KCN + Na 
vhas 2K + KOH @ K.O + KH are known to 

ir, but such side reactions were neglected in this 
ily. The experimental value of the constant, 7.5, 
ympares With the calculated value of 17.4. Experi- 
ntal data are given in Table IIT and are plotted 

Fig. 4, which also shows reaction curves cor- 
sponding to the equilibrium constants 7.5 and 
74. It has been estimated that the difference in 
he two curves corresponds to about one stage in a 
untereurrent process for KCN from KOH and 
CN 


i’ffect of Temperature on Equilibria 


Heats of reaction for (IV) and (V) are small. 
rm the van’t Hoff equation (3) it may be ex- 


\BLE IL. Experimentally determined equilibrium for the 
eaction KCl + NaCN = KCN + NaCl 


ul Ci in chkoides Cc Calculated log Ct 
8 16.4 S800 0.097 
23.2 9.8 740-770 0.447 
29.4 99.5 780-820 0.146 
1S. 23.6 730-740 0.477 
09.5 74.4 750-770 0.097 
61.6 57.2* 710-760 0.079 
bo. 72.3* 740 ~—0.155 
N95 73.5 680-720 0.322 
rage 0.140 


1.4 


yanide was found in the chloride melts from 
ull others were cyanide free. 

+: ‘aCl) (KCN) 

.CD(NaCN) > 
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Fic. 3. Equilibrium data; KCl + NaCN = KCN 4 
NaCl 


pected that the effect of temperature on the equi- 
librium constant will be small, and no attempt was 
made to determine this effect. Equilibrium studies 
were all made at temperatures which would be 
required for operation of a commercial process. 


Reaction Rate 


A limited amount of work was done to obtain 
order-of-magnitude rate data for the reaction: 
KC] + NaCN @ KCN + NaCl when carried out 
by the alloy bridge method. 

The mechanism of this reaction is complex. Two 
reactions are involved: 


KC] + Na = NaCl + K 


NaCN + K @ KCN + Na 


These are linked to each other by the layer of fused 
K—Na alloy in contact on one end with the fused 
KCl]—NaCl melt, and on the other end with the 


TABLE II1. Experimentally determined equilibrium for the 


reaction KOH + NaCN = KCN + NaOH 


Mole ©; Mole % KOH . : - ce 
KCN in cyanides’ in hydroxides ‘ Calculated log ¢ 
61.5 9.7 580-620 1.173 
21.9 5.0 620-660 0.724 
96.3 &3.0 620-660 0.724 
Average 0.874 
C 7.5 


(NaOH)(KCN) 
~ (KOH)(NaCN) ’ 
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Fic. 4. Equilibrium data; KOH + NaCN = KCN 4 
NaOH 


fused KCN-—-NaCN melt. The rate of reaction may 
be limited for any given set of conditions by rate 
of either of the above reactions or rate of transport 
of K and Na to opposite ends of the bridge. 

No effort has been made to measure these quanti- 
ties independently. It was not practical in the labora- 
tory to operate a continuous countercurrent system. 
Therefore, all measurements were made on a batch 
basis. Based on earlier studies involving the above 
reactions, it was probable that the rate of reaction 
would not be the limiting factor. This supposition is 
substantiated by data which show that the over-all 
reaction does not slow down as equilibrium is ap- 
proached. 

Results of the rate experiments are summarized 
in Table IV and plotted in Fig. 5. Rates of the order 
of 0.2 kg KCN /hr/dm? (4 lb/hr /ft®) were obtained, 
based on total contact area. 


TABLE IV. Results of the rate experiments for the reaction 
KCI + NaCN = KCN + NaCl 


KC! chamber 
7.62 cm ID, 
NaCN chamber 
$.25em ID 


Both salt 
chambers of 
3.25 em ID 


Kg KCN made /hr/dm?, 


hased on: 


Cyanide—alloy contact 
area 0.23 0.88 
Chloride—alloy contact 
area 0.23 0.16 
Combined contact area 0.11 0.14 
Average temperature, °C 725 730 
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Fic. 5. Reaction rate data; KC] + NaCN ¢s5 KC\ 


NaCl. 


IX PERIMENTAL 


Apparatus 


Steel pipes 1.9 em ID and 25 em long were us 
to study the reaction K + NaCN = KCN + \ 


These pipes were closed by welding a plate ii 
bottom, and a rapid stream of purified nitrogen 
fed to the open upper end to prevent oxidat 
The pipes were heated by immersion to a dept! 
about 15 cm in a fused NaCl-CaCl, bath. 

The apparatus used for the bridge react 
studies was an H-tube as shown in Fig. 1. This 
made of steel pipe approximately 3.25 em 


(A.S.A. Standards B-36, 10-1939 144 in. schedui 
80 steel pipe) connected with pipe fittings. Bottor 


ends of the legs were closed with steel plate welded 


in place. Top ends were threaded and fitted wi! 


connections for purified nitrogen, thermoco' 
wells, and openings for removal of samples. 

A special apparatus was constructed for part 
the rate study. This was essentially an H-tulx 


shown in Fig. 1, except that one teg was mad 


i} 


7.62-cm (3-in.) ID tubing. The H-tubes were heat 


in a gas-fired furnace controllable to +50°C 
Procedure 


Weighed quantities of the dry salts, KCI, 
NaCN, etec., as desired, were charged to th 
compartments and melted. The apparatus 


blanketed with nitrogen, and weighed amounts 


sodium and/or potassium were charged to 
reactor. 


Obtaining clean, representative samples preset! 


many difficulties. Ultimately, samples of the ! 


pseu 













alts al 
eralur 
y slab « 
" cold 
mere sl 
alt Sel 
hy hat 
cumsta 
oxidize 

Pota 
metho 
ehecke 


compo 








sl 


tpsed 


Ve 


4 


rc and itloys were taken by steel pipettes at tem- 


~atures of 650°-800°C, Salt samples were cast on 
Jab of cold iron, and alloy samples were quenched 


sold white mineral oil. In nearly all cases there 
ore small globules of alkali metal present in the 
it samples. So far as possible, these were removed 
hs hand sorting. Oil quenching of alloy samples 


ite 


| not entirely prevent oxidation. Under such cir- 


ymstances it is known that potassium is selectively 


it 


} 


<idized 


Potassium was determined by the perchlorate 
ethod. Potassium content of alloy samples was 
ecked by freezing point determination (4). Sodium 
mponents were calculated by difference. Results 
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were not corrected for the small amounts of iron 
which were determined in some samples. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL. 
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INTRODUCTION 


There are many applications of batteries where 
weight and space are of concern. Considerable prog- 
ress in the miniaturization of batteries would be 
achieved if the liquid electrolyte, conventionally 
used in present batteries, could be replaced by a 
solid ionic conductor. 

At the end of 1951, the authors started the de- 
velopment of state batteries,” which 


“solid was 


directed toward two types of batteries: (a) a high 


current density ‘“‘single-shot” battery; (6) a low 
current density long-life battery for use in connec- 
tion with the transistor device. This note describes 
the initial phase of the program until the summer 
of 1952, when one of the authors (K. L.) left this 


laboratory. 
THEORY 


Consider a compound, AB, sandwiched between 
two phases A and B, to which electrodes are applied. 
If at least one of the phases A or B can migrate 
through the reaction product, AB, the reaction A + 
B= 


to be discussed later, the free energy of the reaction 


AB can proceed. Under favorable conditions, 


gives rise to an emf between the phases A and B. 
Such a system is the prototype of a solid state 
battery. 

In ionic compounds AB, the migration of A or B 
takes place in the form of ions. Usually only one of 
If the ions A* 

A to B, then 
phase B would aquire a positive charge and the 


the components is mobile, say A*. 
were the only charges to move from 


reaction would stop soon because of repulsion of 
further ions A*, approaching B. However, a con- 
tinuous reaction is possible if migration of ions A 
to B is accompanied by a transfer of electrons from 
A to B. Transfer of electrons from A to B can occur 
in a twofold manner: (a) externally through a metal 
connection between A and B (external load), or (b) 
internally by means of partial electronic conduction® 
' Manuscript received August 27, 1952 
North 


‘Present address: Sprague Electric Company, 


(dams, Massachusetts 
‘Both the movement of electrons in the “empty energy 


of AB. In the absence of an external conners 


AB, 


very small as compared to the ionic conde 


the partial electronic conduction of eve! 
becomes rate-determining for the progress of rege 
AB and determines, therefore, the life of the batten 
under open circuit condition (shelf life). It is 
to emphasize that the partial electronic conductiyiy 
of ionic compounds is not a constant of the mate 
but depends on impurities and on deviations fro 
stoichiometry. There is no basic difference betw 
the progress of the reaction in a solid state batter 
under open circuit conditions and_ tarnishing ». 
actions. The importance of the electronic part 
conductivity for tarnishing reactions (1) and thy 
role of minute amounts of impurities (2) are 
known. 

For compound AB to be a suitable electrolyt I 
a solid state battery, the following requirements 
have to be fulfilled: 

[1] Large free energy decrease, —AF, of 
reaction A + B = AB. 

|2| Electronic transference 
a K Gj. 

[3] Ionic conductivity o; of high absolute valu 


negligibi 


number 


[4] Electronic conductivity o, of low absolut 


value. Conditions {1] and [2] are 
high emf, since the emf at zero load is (1): (AF } 


ai/(a; + o@,).* Condition [3] is necessary for a high 


necessary [or 4 


short circuit current; condition [4] is necessary for: 
long shelf life. 
Conditions for a good solid electrolyte have be 


formulated above in terms of its bulk propertie 


only. There are further conditions which deal wi! 
ease of transfer of ions and electrons over the int 


phase boundaries A/AB and AB/B (3). Ions A* mus 


be able to cross these boundaries easily in order | 
avoid polarization phenomena, when drawing (t! 
rent from the battery, i.e., the concentratio! 

A+ in AB at the AB and AB! 
should not be modified by the current flow. On U 


boundaries A 


band’’ and the movement ‘filled energ 


band”’ may contribute to the electronic conductio 


of holes in the 


‘In the case that o; and o, are space dependent, avers 


values are to be used 
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sher ha’ J, harmful internal electron conduction 
, he de ceased by presence of barrier layer effects 
“au : . 

. the electrode interfaces (4, 5). 


High CUuRENT Density “SinGLe-Suor” Barrery 


Vor a solid state battery capable of delivering a 

high current density, a compound of high “ionic 
nductance has to be used as electrolyte. Ionic 
nductivity of the order of 1 ohm='cm™ is found 
», the high temperature modifications of Agl, 
\s, and of AgesHgI,, among others. Their ionic 
-onductivity compares favorably with that of strong 
quid electrolytes. High ionic conductivity results 
rom the peculiar lattice structure of these cém- 
pounds: only the anion is bound to fixed lattice 
positions whereas the cations are distributed at 
mnndom over a number of equivalent lattice posi- 
ons, exceeding the number of cations available 
Ih), 

The authors experimented with systems involving 
the high temperature modification of Agl and Ag,S. 
Tubandt and Lorenz (9) measured the conductivity 
of Agl both above and below the transition point 
(45°C) and found 1.31 ohm-'cm™ above 145°C, 
and 3.4 X 10-* ohm='cm™ just below 145°C. Con- 
ductivity is almost completely ionic. The emf of 
the combination Ag, Agl, I, has been reported as 
(7 volt (10). However, because of immediate 
difficulties associated with operation of an I, elec- 
trode at or above 145°C (the transition point above 
which Agl has a high ionic conductivity) this work 
‘as directed to an examination of the reaction 2Ag + 
‘= Ag.S. The reaction product, Ag.S, is a relatively 
good conductor above 179°C, but at this temperature 

arge portion of the conductivity is electronic. 
Thus, although the free energy change corresponds 
san emf of 0.2 volt, Wagner (11) found that an 
\g-AgS-S cell above 179°C gave an emf of only 
2-10 millivolts. In order to obtain the full 0.2 volt 
corresponding to the AF of formation of Ag.S, it is 
necessary to suppress the electronic conduction. 
This is possible by inserting a layer of Agl (10), 
Which is nearly a purely ionic conductor above 
Hare, 

\ cell of composition Ag, Agl, AgeS, 8 was con- 
structed as follows: an AgI-film of about 25 microns 
thickness was prepared on an Ag-sheet by tarnishing 

iodine vapor. The sulfur electrode consisted of a 
‘ilfur-carbon mixture of composition 15 %S-85 %C 
by weight compressed into a pellet at 7000 atmos- 
pheres. The Ag.S-layer was formed upon contact of 
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the sulfur electrode with the Agl/Ag. The open 
circuit voltage of the cell at about 200°C was 0.2 
volt, confirming Reinhold’s value (10). Short 
circuit currents of 0.18 amp/cm? were obtained. 
Shelf life of the cell at operating temperature 
(200°C) was about 100 min. 

Comparison of (a) the observed current density 
with ionic conductance of AgI (9) and of Ag.S 
(12), and (b) of the shelf life of the cell with rate of 
tarnishing of AgI (13) suggests that there was 
considerable interface resistance present in these 
cells. 

For a cell of high current density, which is useful 
at lower temperatures (and possibly at room tem- 
perature), other compounds, e.g., AgeHgl, and 
Ag-Cu,_,Iy, appear to be promising.’ 


Low CurrRENT Density Lone Lire CELLS 


The authors have constructed cells of the com- 
position Ag-AgI-I(+C) operating at room tempera- 
ture with current densities of several hundred micro- 
amps/cm*. The emf of this combination is 0.7 volt 
(10). Cells did not change during the period of this 
study. 
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Quantitive or Qualitative Analyses 
—Organic or Inorganic— 


Cn ping mercury electrode system and is the lea 


; ing analytical instrument for determin) 


with the chemical composition by this rapidly growing 


technique. 
F i Ss a | E he It has been used very successfully in sy 
ELECDROPODE 








om 


The Fisher Elecdropode employs the drop 







































analyses as lead in citric acid; copper lea 
and cadmium in commercial zinc; copps 
nickel and cobalt in steels; oxygen in big 
logical solutions; the many elements in ¢ 
ash of plant tissue; traces of dyes, lyophili 
colloids, fatty acids and alkaloids . . , a 
will perform any of the other analytical task 
that are possible with more expensive instr 
ments. 


It is a simple-to-operate instrument end 
analyses are accomplished in a few minute, 
Only a small sample of solution is required 
(less than 10 ml). The sample is not altered 
during the analysis and may be recovered 
for further study. 


It is a completely integrated unit . . . comes 
complete wiih cell . . . no additional access 
ries are needed. 


Write for Booklet FS-236-!! for 
complete description and uses 
of this moderately priced 
instrument. 
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